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Abstract Treatment options for a number of lysosomal stor-
age disorders have rapidly expanded and currently include
enzyme replacement therapy, substrate reduction, chaperone
treatment, hematopoietic stem cell transplantation, and gene-
therapy. Combination treatments are also explored. Most ther-
apies are not curative but change the phenotypic expression of
the disease. The effectiveness of treatment varies considerably
between the different diseases, but also between sub-groups of
patients with a specific lysosomal storage disorder. The het-
erogeneity of the patient populations complicates the predic-
tion of benefits of therapy, specifically in patients with milder
disease manifestations. In addition, there is a lack of data on
the natural history of diseases and disease phenotypes. Initial
trial data show benefits on relevant short-term endpoints, but
the real world situation may reveal different outcomes.
Collaborative international studies are much needed to study
the long-term clinical efficacy of treatments, and to detect new
complications or associated conditions of the diseases. This
review summarizes the available treatment modalities for
lysosomal storage disorders and the challenges associated
with long term clinical care for these patients.

Introduction

Lysosomal storage disorders (LSDs) comprise a group of rare
inborn errors of metabolism, but collectively they have a birth
prevalence of 1 in 5000–7700 (Meikle et al 1999; Sanderson
et al 2006). These disorders are caused by a deficiency of one
of the lysosomal enzymes or impairments in the lysosomal
transport system. Impaired degradation of complex macro-
molecules leads to accumulation of substrates in tissues and
subsequent cellular and organ dysfunction. There is consider-
able variability in clinical disease manifestations, with the
central nervous system (CNS) being particularly vulnerable.
Over the past two decades, several approaches have proven
successful for the treatment of LSDs. Current available treat-
ments have been specifically effective for the management of
visceral manifestations, such as reductions in organomegaly
by enzyme replacement therapy (ERT) and substrate reduction
therapy (SRT) for non-neuronopathic (type 1) Gaucher dis-
ease (Zimran 2011). Based on the highly successful introduc-
tion of ERT for the treatment of Gaucher disease more than
20 years ago, ERT has been studied and subsequently autho-
rized in the EU for Fabry disease, mucopolysaccharidosis
(MPS) types I, II, IV and VI, and Pompe disease. Several
new approaches are currently investigated in pre-clinical and
clinical trials. These strategies focus on improving conve-
nience of use (oral versus intravenous therapy), or on reduction
of toxicity (second generation SRTs). In addition, completely
new approaches include improvement of enzyme stability,
methods to diminish antibody responses to the infused pro-
teins, small molecules approaches that act as pharmacological
chaperones to enhance lysosomal enzyme activity and trans-
port, gene therapy, and intrathecal enzyme delivery.

The number of innovative strategies to improve treatment
of lysosomal storage disorders is very impressive, resulting in
a long list of patents (for review see (Ortolano et al 2014)) that
ultimately may or may not prove successful. The aim of this
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review is to focus on the available treatment options, as well as
on those treatments that are in an advanced stage of develop-
ment in the EU. For this reason, we have limited ourselves to
products that have already been authorized or have received
an orphan drug designation by the EMA (Table 1).

In addition, we will discuss long term outcomes of avail-
able treatments and the clinical challenges that have emerged.

Treatment modalities

Supportive care

While over the last decades the focus of research and of most of
the publications is on new treatments, supportive care for pa-
tients with LSDs, with a progressive and often debilitating
symptoms, is key. Even for patients receiving highly effective
therapies, such as Gaucher patients on ERT, individualized
follow-up is needed to signal disease related long-term compli-
cations and provide adequate care. Guidelines or protocols for
supportive care have for example been developed for several of
the mucopolysaccharidoses, including general management
guidelines (Muenzer et al 2009a, b), or for support of specific
complications such as airway disease (Walker et al 2013), hip
dysplasia (Langereis et al 2013) or spinal cord compression
(Solanki et al 2013). Consensus on care and follow-up of
Niemann-Pick type C (NPC) (Patterson et al 2012),
neuronopathic Gaucher disease (Vellodi et al 2009), and phys-
iotherapy management guidelines for patients with late onset
Pompe disease have been reported (Favejee et al 2012). A
multidisciplinary approach, with a dedicated team of specialists,
is recommended for most disorders, although this may not be
feasible in all hospitals taking care of these patients. The intro-
duction of an online database with consensus guidelines for
diagnosis, treatment and follow-up of all LSDs, including a list
of specialized centers and options for referral may be the opti-
mal way forward. This is becoming even more important after
the recent transposition in all national laws of the EU Directive
on Patients’ rights in Cross-border Healthcare, adopted in 2011
(http://ir.amicustherapeutics.com/ReleaseDetail.cfm?
ReleaseID=413437).

Enzyme replacement therapy (ERT)

ERT aims to restore the deficient enzyme through exogenous
administration of purified enzyme. The first effective ERTwas
developed for type 1 Gaucher disease. Gaucher disease is one
of the most prevalent LSDs, and is caused by deficient activity
of glucocerebrosidase (GBA1). Hepatosplenomegaly with cy-
topenia, skeletal complications, and for the rare neuronopathic
forms, central nervous system disease, are the most prominent
symptoms (Hughes and Pastores 2013). ERT was developed
in the 1980s, initially utilizing purified glucocerebrosidase

from natural sources (human placental tissue), later followed
by recombinant enzyme using a Chinese hamster ovary
(CHO) cell system. ERT proved to be very effective in reduc-
ing the organomegaly and improving cytopenia and quality of
life and preventing skeletal disease complications (Zimran
2011). Following its success, ERTs have been developed for
several of the other LSDs and are nowadays approved for
seven lysosomal storage diseases worldwide. For several of
the other LSDs, ERT is under development (see Table 1). The
efficacy and safety of ERT in Gaucher disease has raised high
hopes for similar effectiveness in the other LSDs. However,
there are several obstacles, including the generation of im-
mune responses that may interfere with enzyme activity or
induce mis-targeting of enzymes (Ohashi 2012). In Pompe
disease, patients with the severe infantile form have less effect
of therapy when antibodies toward the recombinant enzyme
emerge (Banugaria et al 2011). Whether this is also true for
Fabry disease and the mucopolysaccharidoses has not yet
been fully resolved. However, in both diseases biochemical
markers show recurrence of storage material in urine or plas-
ma after emergence of antibodies against the infused enzyme,
suggesting that effectiveness might indeed be impaired
(Rombach et al 2012; Wraith et al 2007).

So far, only limited progress has been made in tackling
these problems and new strategies are needed. For example,
immune tolerance induction using a regimen of rituximab,
methotrexate with or without intravenous immunoglobulin
has been shown to be an effective strategy in infantile onset
Pompe disease (Banugaria et al 2013). Alternative strategies
could be the development of liposome encapsulated enzymes
(Hsu et al 2012) or treatment by ‘alternative enzymes’. Of
particular interest in this respect is the development of mod-
ified alpha-N-acetylgalactosaminidase with alpha-
galactosidase A substrate specificity, the enzyme deficient in
Fabry disease, showing no cross-reactivity with antibodies
toward the authorized enzyme (Tajima et al 2009).

In addition, other factors contribute to the variability in
clinical effectiveness of ERT. This may involve the degree
of irreversible disease manifestations, or the variation in dis-
ease severity. For example, in Fabry disease, it is unclear to
what extent the non-classically affected patients benefit from
enzyme replacement therapy. Fabry disease is characterized in
its classical form by a slowly progressive vasculopathy, in
addition to painful acroparesthesias, angiokeratoma, and cor-
neal abnormalities (Germain 2010). The degree of vasculop-
athy and involvement of kidney, heart, and brain is highly
variable. Results of clinical trials have demonstrated clearance
of substrate in endothelial cells, but to a lesser extent in organs
(Eng et al 2001). In non-classical disease, storage is less clear
in endothelial cells, but can be found for example in myocar-
dial cells or podocytes in the kidney. ERT has less effect on
clearance in these tissues (Tondel et al 2013) and so far no
study has clearly distinguished responses in these patients as

588 J Inherit Metab Dis (2014) 37:587–598

http://ir.amicustherapeutics.com/ReleaseDetail.cfm?ReleaseID=413437
http://ir.amicustherapeutics.com/ReleaseDetail.cfm?ReleaseID=413437


Table 1 Overview of authorized products for the treatment of lysosomal storage disorders and products under development with an orphan drug
designation in the EU

Disease Treatment Type of treatment Company Status

Gaucher disease Imiglucerase ERT Genzyme Europe B.V. Auth. 1995

Velaglucerase ERT Shire HGT Auth. 2010

Taliglucerase ERT Protalix/Pfizer Ref.EU/Auth.USA

Miglustat SRT Actelion Ltd Auth 2002

eliglustat tartrate SRT Genzyme Europe B.V. ODD 2007

Isofagomine tartrate Chaperone Amicus Therapeutics ODD 2007

Fabry disease Agalsidase beta ERT Genzyme Europe B.V. Auth. 2001

Agalsidase alfa ERT Shire HGT Auth. 2001

1-deoxygalactonojirimycin
hydrochloride

Chaperone Glaxo Group Limited ODD 2006

N-Butyldeoxygalactonojirimycin SRT Actelion ODD 2012

Mucopolysaccharidosis type I Laronidase ERT Genzyme Europe B.V. Auth. 2003

Mucopolysaccharidosis type
II (Hunter syndrome)

Iduronate-2-sulfatase ERT Shire HGT Auth. 2007

Recombinant human insulin receptor
monoclonal antibody-fused
iduronate 2-sulfatase

ERT Voisin Consulting S.A.R.L. ODD 2013

Mucopolysaccharidosis type
III (Sanfilippo syndrome)

Genistein sodium salt dihydrate SRT Axcentua Pharmaceuticals ODD 2012

Mucopolysaccharidosis type
IIIB (Sanfilippo B
syndrome)

Adeno-associated viral vector serotype
9 containing the human
N-acetylglucosaminidase alpha gene

Gene therapy Laboratorios del Dr. Esteve, S.A. ODD 2013

Recombinant human alpha-N-
acetylglucosaminidase

ERT Synageva BioPharma ODD 2013

Mucopolysaccharidosis type
IIIA (Sanfilippo A
syndrome)

Adeno-associated viral vector serotype
9 containing the human sulfamidase
gene

Gene therapy Laboratorios del Dr. Esteve, S.A. ODD 2011

Adenovirus-associated viral vector
serotype 10 carrying the human
N-sulfoglucosamine sulfohydrolase
and sulfatase modifying factor
1 cDNAs

Gene therapy LYSOGENE ODD 2010

Recombinant human heparan
N-sulfatase

ERT Shire HGT ODD 2008

Mucopolysaccharidosis type
IVA (Morquio A
syndrome)

N-terminal hexaglutamine-tagged
recombinant human
N-acetylgalactosamine-6-sulfate
sulfatase

ERT Dr. Ulrich Granzer ODD 2009

Recombinant human
N-acetylgalactosamine-6-sulfatase

ERT BioMarin Europe Auth. 2014

Mucopolysaccharidosis type
VI (Maroteaux-Lamy
syndrome)

N-acetylgalactosamine-4-sulfatase ERT BioMarin Europe Auth 2006

Adeno-associated viral vector
containing the human ARSB gene

Gene therapy Fondazione Telethon ODD 2011

Mucopolysaccharidosis type
VII (Sly syndrome)

Recombinant human beta-
glucuronidase

ERT NDA Regulatory Science ODD 2012

Metachromatic
leukodystrophy

Autologous CD34+ cells transfected
with lentiviral vector containing the
human arylsulfatase A cDNA

Gene therapy Fondazione Telethon ODD 2007

Recombinant human arylsulfatase Aa Shire HGT ODD 2010

Pompe disease Alglucosidase alfa ERT Genzyme Europe Auth.2006

Glycosylation independent lysosomal
targeting tagged recombinant human
acid alpha glucosidase

ERT BioMarin Europe ODD 2011

Recombinant adeno-associated viral
vector containing human acid
alfa-glucosidase-geneb

Gene therapy TMC Pharma Services ODD 2012

Niemann-Pick disease, type B Recombinant human acid
sphingomyelinase

ERT Genzyme Europe ODD 2001
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compared to the classically affected patients. The degree of
end-organ damage in Fabry disease, including fibrosis in
kidney or heart, also determines clinical outcome and overall
effectiveness is therefore difficult to assess (Weidemann et al
2013b). Clearly, for the entire group of patients, development
of new complications cannot be fully prevented (Banikazemi
et al 2007; Weidemann et al 2013a).

Another challenge is the targeting of the enzyme to less
easily accessible tissues such as bone, cartilage or the brain.
Over the last years, efforts have been made to target the brain
for example by shifting from intravenous enzyme therapy to
intra-thecal enzyme delivery (see Table 1). Effectiveness of
this approach needs to be awaited.

Substrate reduction therapy

Substrate reduction therapy (SRT) has the potential to cross the
blood brain barrier and thus treat CNS disease in LSDs. In
addition, the small molecules used in SRT do not generate
immune reactions. Another advantage is the route of adminis-
tration, since these molecules can be given orally. This is of
importance for at least a subset of patients in whom intravenous
access is complicated. The concept of SRT is based on restoring
a balance between synthesis and degradation of storage mate-
rial. Small compounds, capable of partially inhibiting
glucosylceramide synthase (GCS), have initially been devel-
oped for Gaucher disease. The first authorized product is
miglustat, an iminosugar capable of partially inhibiting the
production of glucosylceramide and other glycosphingolipids.
This compound has shown to have modest effects on visceral
manifestations in Gaucher disease (Cox et al 2000), and this
oral treatment is preferred by some of the type 1 Gaucher

patients. However, a decade after its authorization, miglustat
use has remained limited in clinical practice due to its modest
effectiveness and frequent side effects (Kuter et al 2013).
Specifically the occurrence of abdominal complaints and trem-
or occurring in a substantial amount of patients has caused
many patients to switch back to ERT (Kuter et al 2013).
Although on a theoretical basis, patients with the neuronopathic
form of Gaucher disease may benefit from this treatment,
miglustat did not show convincing effectiveness in a clinical
trial of type 3 Gaucher disease patients (Schiffmann et al 2008)
and is currently not authorized for use in neuronopathic forms
of Gaucher disease. However, early initiation of miglustat,
before clinical onset of CNS disease, is suggested to be effec-
tive in some patients (Cox-Brinkman et al 2010).

Second generation substrate inhibitors that target GCS are
currently being developed. Eliglustat tartrate is a
glucosylceramide analogue, that has demonstrated significant
effects on visceral manifestations of Gaucher disease type 1.
The compound is a P-glycoprotein substrate and therefore
cannot cross the blood brain barrier (Shayman 2010).
However, it is hoped that improved efficacy/toxicity ratio for
eliglustat will offer patients with type 1 Gaucher disease an
oral alternative to ERT. Whether its different mode of action
will result in improved treatment of those sites of residual
disease that are less accessible to ERTsuch as bone remains to
be investigated.

As the class of drugs targeting GCS could potentially treat
other LSDs, miglustat has also been tried in Fabry disease,
Sandhoff disease, Tay Sachs disease and in NPC. The results in
Fabry disease have never been published and in Sandhoff and
Tay Sachs disease no convincing effects have been established
(Shapiro et al 2009; Masciullo et al 2010). Interestingly, in

Table 1 (continued)

Disease Treatment Type of treatment Company Status

Niemann-Pick disease, type C Miglustat SRT Actelion Auth 2006

Hydroxy-propyl-beta-cyclodextrin Other Susan French ODD 2011

2-hydroxypropyl-beta-cyclodextrin Int. Niemann-Pick Disease Alliance ODD 2013

Recombinant hum. heat shock
protein 70

Other Orphazyme ApS ODD 2013

alpha-Mannosidosis Recombinant human alpha-
Mannosidase

ERT Zymenex A/S ODD 2013

Lysosomal acid lipase
deficiency

Recombinant human lysosomal acid
lipase

ERT Synageva BioPharma Ltd. ODD 2010

Neuronal ceroid lipofuscinosis
type 2

Recombinant human tripeptidyl-
peptidase 1

ERT BioMarin Europe Ltd ODD 2013

Globoid cell leukodystrophy
(Krabbe disease)

Recombinant human
galactocerebrosidase

ERT ACE BioSciences A/S ODD 2013

Farber disease Recombinant human acid ceramidase ERT QOLTherapeutics UK Ltd ODD 2014

ERT enzyme replacement therapy; SRT substrate redustion therapy. Auth authorized; Ref refused; ODD orphan drug designation

http://ec.europa.eu/health/documents/community-register/html/index_en.htm
a Earlier ODD for systemic treatment withdrawn; development of intrathecal ERT
b Earlier ODD for AAV vector based gene therapy withdrawn
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NPC, miglustat has been reported to have some beneficial
effects. NPC is a devastating neurovisceral disorder character-
ized by progressive neurodegeneration, vertical supranuclear
gaze palsy, ataxia, and a variable degree of visceral disease,
caused by impaired cholesterol efflux from late endosomes and
lysosomes and secondary accumulation of glycosphingolipids
(Vanier 2013). Miglustat has shown an overall reduction in the
progression of neurological manifestations (Patterson et al
2007; Pineda et al 2009). In a recent study, it is reported that
even in late-infantile and juvenile-onset forms of the disease
progression can be delayed (Heron et al 2012). The mode of
action of miglustat in NPC is believed to be lowering of the
levels of glycosphingolipids and gangliosides in the brain.
However, in NPC mice, increased survival and reduced CNS
inflammation following treatment with miglustat and other
iminosugar-based GCS inhibitors does not coincide with clear
reductions in brain gangliosides. In addition, an increase in
brain glucosylceramide levels was observed, suggesting poten-
tial involvement of inhibition of the non-lysosomal
glucosylceramidase (Nietupski et al 2012). Possibly, anti-
inflammatory effects play a role. These results highlight the
need for better understanding of mode of actions of these
compounds as well as the pathophysiological concepts behind
the neurodegeneration in NPC, but also in other conditions
such as the mucopolysaccharidoses (MPSs).

MPSs comprise a heterogeneous group of disorders,
resulting from a deficiency of one of the enzymes involved
in the degradation of glycosaminoglycans. Symptoms are
either primarily neurological, such as in Sanfilippo disease,
with predominant storage of heparan sulfate, or visceral and
musculoskeletal, with more extensive storage of keratan
sulfate or dermatan sulfate (Wraith 2013). The complex
constellation of skeletal dysplasia in MPSs, known as
dysostosis multiplex, is the most striking feature of MPS
IV and VI. MPS I and II show early onset forms with
progressive CNS disease in addition to progressive muscu-
loskeletal and visceral disease, as well as more attenuated
forms without CNS disease. While ERT has been developed
and introduced for MPS I and II, this will not treat the CNS
symptoms. Genistein, a natural isoflavin occurring in soy, is
a small molecule and is reported to inhibit GAG synthesis
in vitro and in an MPS II and IIIB mouse model and is
believed to act through inhibition of tyrosine kinase activity
of the epidermal growth factor receptor, which controls
GAG synthesis (Jakobkiewicz-Banecka et al 2009). This
mode of action is also termed gene expression-targeted
isoflavone therapy. In some cases improvements have been
reported, but a placebo-controlled clinical trial in MPS III
patients did not show any significant clinical benefit (de
Ruijter et al 2012). This may have been due to relatively
low dosages used or the relatively short duration of the trial
and further studies are needed to establish if genistein may
be of value in the treatment of MPSs.

Chaperone therapy

Pharmacological chaperones (PCs) are small molecules that
bind and stabilize mutant lysosomal enzymes, thereby
allowing proper cellular trafficking to the lysosome. These
compounds are mutation specific, with some mutations being
completely unresponsive, which may limit its application in
clinical practice (Fan and Ishii 2007). Furthermore, since these
compounds bind to the catalytic domains of enzymes, there
may be a delicate balance between concentrations that en-
hance or inhibit the activity and thus the most significant
challenge is the optimization of doses and administration
regimens to maximize substrate turnover. Candidate mole-
cules with capacity to stabilize lysosomal enzymes often show
structural similarity to important regions of the substrate,
capable of interacting with the enzyme’s active site.
Galactose has been reported to act as a PC in the treatment
of Fabry disease, leading to increases in alfa-galactosidase A
activity, and clinical effectiveness in a case of cardiac Fabry
disease (Frustaci et al 2001).

Subsequently, 1-deoxygalactonojirimycin (DGJ), a sub-
strate analogue, was shown to enhance alfa-galactosidase A
activity in vitro (Fan et al 1999). Further studies indicated that
modifications to the dosing regimen, with intermittent admin-
istration of the iminosugar, resulted in improved effects on
enzyme activity and substrate reductions (Khanna et al 2010).
Currently, this compound is in clinical studies for Fabry disease
and has shown to reduce increased substrate levels in mice and
plasma of patients (Young-Gqamana et al 2013). Clinical ef-
fectiveness has not yet been published. One of the potential
hazards is that patients with responsive, missense, mutations
often have non-classical disease. For evaluation of clinical
effects, information on natural course of disease progression
in this subgroup of patients is needed, but has so far been
insufficiently studied. One compound that received orphan
drug designation is isofagomine for the treatment of Gaucher
disease. While this iminosugar showed enhancement of
glucocerebrosidase activity (Chang et al 2006), preliminary
studies in patients did not show any clinical effects (http://ir.
amicustherapeutics.com/ReleaseDetail.cfm?ReleaseID=
413437). Multiple small molecules have been investigated for
their capacity to enhance lysosomal enzyme activities and
several of these are investigated as single treatments or in
combination with ERT (Boyd et al 2013).

Hematopoietic stem cell transplantation and gene therapy

Hematopoietic stem cell transplantation (HSCT) has been
applied in several of the LSDs and serves as evidence that
gene-transfer can ameliorate disease manifestations. The pro-
posed mechanism is the cross-correction by normal enzyme
producing donor cells, which migrate in recipient tissues. For
the brain, the microglia cells are partially replaced by donor
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cells and hence deliver enzyme to the neurons. However, this
process may be slow and incomplete, which limits the success
for rapidly progressive neurological disease manifestations.
Currently, HSCT is considered for some of the LSDs based
upon knowledge from earlier case series and individual dis-
ease characteristics (for review see (Boelens et al 2010)).
HSCT has been most extensively studied for the severe
Hurler phenotype of MPS I (MPS I-H), which is characterized
by cognitive decline in addition to visceral and musculoskel-
etal symptoms, resulting in early death. Neurological outcome
and survival of these patients has improved considerably
compared to historical controls (Aldenhoven et al 2008).
The efficacy of HSCT in MPS I depends on several factors,
including timing of the intervention, donor cell source and
engraftment (Boelens et al 2009). Currently, worldwide con-
sensus exists that HSCT is the first line treatment in MPS I-H
patients before the age of 2.5 years, without severe neurolog-
ical damage (de Ru et al 2011). Less convincing results have
been obtained for other mucopolysaccharidoses such as MPS
II (Hunter disease) and MPS VI (Maroteaux-Lamy disease).
While HSCT leads to rapid improvement of the visceral
manifestations, neurological responses in MPS II are incon-
sistent and skeletal disease is relatively unresponsive (Boelens
et al 2010). In Krabbe disease, HSCT has also produced
variable success rates and it is clear that there is a need for
early, preferably pre-symptomatic, intervention (Prasad et al
2008). As late onset, especially adult onset cases with Krabbe
disease are rare, most of the HSCTs have been performed in
patients with the classical infantile form. Timing of HSCT has
shown that in these patients neonates had better neurologic
outcome and developmental gains than babies with early
symptomatic disease (Escolar et al 2005). However, despite
early HSCT all children developed deficits in gross motor
function.

HSCT has been performed for more than two decades in
patients with metachromatic leukodystrophy (MLD). In
MLD, the spectrum is more evenly distributed among age
groups compared to Krabbe disease, with more patients pre-
senting at juvenile or adult age. Patients with late-infantile
onset seemed to have little benefit of HSCT, but with the
current use of cord blood as stem cell source and improved
conditioning regimens, there is accumulating evidence that in
asymptomatic or minimally affected patients cognitive decline
may be halted by HSCT, even in some early juvenile cases
(Boelens et al 2010). HSCT has also been performed in
several of the other LSDs including type 1 and type 3
Gaucher disease. However, the success and safety of ERT
has led to almost complete disappearance of HSCT for
Gaucher disease, despite its positive outcomes. Recently, a
plea has been made to reconsider this procedure, because of
the increased safety of the conditioning regimens as well as
minimization of the risk for graft versus host disease (Ito and
Barrett 2013). Nowadays, it is estimated that the risk would

compare to those patients transplanted for beta-thalassemia,
with an overall survival of 90 %. Specifically for chronic
neuronopathic (type 3) disease, this procedure might still be
an option, although late neurological complications have been
reported (Machaczka 2013).

The success of HSCT approaches has focused attention on
LSDs as attractive candidates for gene therapy. Initial opti-
mism for gene therapy to treat monogenic disorders has been
set back by technical difficulties as well as by the development
of complications in the first gene therapy trials, including the
development of leukemia due to insertional mutagenesis
(Hacein-Bey-Abina et al 2008). Recently, important progress
has been made with the use of adeno-associated viruses
(AAV) and lentiviruses to deliver therapeutic genes to periph-
eral tissues as well as to the central nervous system. Both
vectors have shown to lead to sustained production of enzyme
in mouse models of several LSDs. Table 1 lists six gene
therapeutic approaches that have received an orphan drug
designation, mostly for the mucopolysaccharidoses. An inter-
esting combined approach between HSCT and gene therapy
consists of the transduction of ex-vivo autologous hematopoi-
etic stem cells with the gene of interest (HSC-GT), which
would allow cross-correction with diminished side effects
because of the transplantation of autologous rather than allo-
geneic cells (Boelens et al 2010). Optimization of gene ex-
pression could lead to enhanced enzyme delivery to tissues.
This could particularly improve outcomes for LSDs affecting
the brain, as one of the factors causing failure of allogeneic
HSCT includes insufficient enzyme delivery. A preliminary,
but very promising clinical study has shown that in three
presymptomatic patients with late infantile MLD, an opti-
mized lentiviral-based HSC-GT protocol induced
supraphysiological expression of the functional ARSA gene,
leading to high enzyme expression throughout hematopoietic
lineages and in cerebrospinal fluid (Biffi et al 2013).
Importantly, over an observation period of 7 to 21 months,
no disease progression was noted. Similar approaches are
currently being developed for other diseases.

Combination therapies and other approaches

Clearly, as different therapeutic options are aimed at different
targets, combining treatments might be an attractive option. For
example, it has been suggested that pre-treatment with ERTcan
improve the outcome of HSCT in MPS I Hurler patients,
particularly by reducing airway problems and improving pul-
monary function and hepatomegaly (Cox-Brinkman et al 2006).
Whether there is additional benefit after HSCT is a matter of
debate. In a small study, cognitive outcome unexpectedly ap-
peared to be better in ERT treated MPS IH patients after HSCT
than in those not receiving ERT (Eisengart et al 2013). A major
limitation of this latter study was the fact that the patients were
serially recruited.
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Enhancing the capacity of ERT by adding a stabilizing
chaperone is currently also investigated. The first study dem-
onstrating a synergy between an iminosugar and ERT has
been the enhancement of human alpha-glucosidase activity
in fibroblasts of patients with Pompe disease (Porto et al
2009). The iminosugar used was N-butyl-deoxynojirimycin
also known as miglustat, developed as substrate reduction
therapy for Gaucher disease. The same group reported a
synergistic effect of combining rh-alpha-Gal A with 1-
deoxynojirimycin in cultured Fabry disease fibroblasts, which
also led to increased clearance of lyso-Gb3 (Porto et al 2012).
The mechanism of action is intriguing. It is suggested that the
infused enzyme is probably unstable, and is partially degraded
in the bloodstream or during its trafficking to the lysosome. In
addition, the reversible binding of a chaperone may also
protect the enzyme against interaction with neutralizing anti-
bodies and thus possibly ameliorate the immune response
caused by ERTs. Currently, Amicus Therapeutics Inc, USA,
is exploring combined effectiveness of isofagomine with ERT
for Gaucher disease, migalastat with ERT for Fabry disease
and 1-deoxynojirimycin (duvoglastat) with ERT for Pompe
disease. Whether combination of substrate reduction therapy
and ERT improves the clinical outcome of patients is currently
unknown. In some patients with type 1 Gaucher disease and
with a high burden of residual disease after many years of high
dose ERT, combination with miglustat has been tried, but
effects have not been reported. In type 3 Gaucher disease, it
is suggested in some cases that this combination might have
some beneficial effects on cognitive outcome, however, the
paucity of clinical data seriously hampers a definitive conclu-
sion (Cox-Brinkman et al 2006; Capablo et al 2007).

Existing drugs may have properties that render them likely
candidates for treatment of LSDs. For example, histone
deacylation inhibitors have shown to reduce storage in fibro-
blasts of patients with NPC (Pipalia et al 2011) and Gaucher
disease (Yang et al 2013). In a recent review it was suggested
that for NPC this effect can be attributed to an increase in
NPC1 protein, presumably by increasing its stability in the ER
(Helquist et al 2013). In fibroblasts of Gaucher disease pa-
tients, histone deacetylase inhibitors were shown to increase
the quantity and activity of glucocerebrosidase by inhibiting
the degradation of the mutant protein (Yang et al 2013).

The role of defective autophagy in neurodegenerative dis-
ease has recently received considerable attention and may offer
new targets for treatment of LSDs. Autophagy is a process
involved in removal of cellular components, requiring a strictly
regulated interaction with lysosomes. In LSDs, impaired au-
tophagy plays a role in many of the neuronopathic forms of
LSDs, e.g., in NPC (for review see (Lieberman et al 2012)).
Currently, the use of cyclodextrin, which mediates efflux of
cholesterol from within the cell is explored as a treatment for
NPC. In animal models of NPC, hydroxypropyl-β-
cyclodextrin prolonged the life span in an NPC mouse model

and could reduce not only cholesterol but also ganglioside
storage (Davidson et al 2009; Liu et al 2009). The exact mode
of action is poorly understood, as the compounds do not
penetrate the blood–brain barrier. Nevertheless, two com-
pounds have currently received an orphan drug designation in
the EU and are further explored in clinical studies (see Table 1).
Heat shock protein 70 (Hsp70), involved in chaperone medi-
cated autophagy, has been shown to stabilize lysosomes by
binding to bis(monoacylglycero)phosphate (BMP)
(Kirkegaard et al 2010). While this mechanism is essential for
activity of acid sphingomyelinase, recombinant Hsp70 should
have beneficial effects on the cellular pathology seen in other
sphinglipidoses, including NPC. For the latter indication, an
orphan drug designation has been received.

Discussion

The availability of different forms of treatment for LSDs has not
only stimulated interest in the effects of therapy but also led to
new initiatives to study the disease course and the pathophysi-
ology. Natural history studies have been launched to improve
our understanding of the disease progression in untreated pa-
tients, which is needed to identify meaningful clinical endpoints
for therapeutic trials. Related to this, the search for biomarkers,
being either biochemical markers, imaging or functional disease
markers that can serve as surrogate endpoints, has been intensi-
fied. For most of the LSDs important novel observations have
been made, some of which challenge old concepts of disease
pathophysiology. For example, in Fabry disease the old concept
of endothelial Gb3 storage as the main culprit for clinical
disease cannot stand with the discovery that many patients have
little, if any storage in endothelium and clearance may not halt
disease progression (Schiffmann 2009; Rombach et al 2010). In
addition, combining larger cohorts of patients with rare diseases
has resulted in the observation that some patients are susceptible
to certain complications and associated conditions that had not
been identified before. Whether these “new” complications or
associated conditions are related to the disease or the treatment
is not always clear. Some generalizations can, however, be
made. First of all, none of the current interventions cure the
disease. The treatments can alter the phenotype and ameliorate
disease symptoms and improve survival. However, complica-
tions can still occur. This is best illustrated for diseases with a
relatively long history of treatment. A few examples are
discussed.

Gaucher disease

In Gaucher disease, more than 20 years of treatment has led to
some important new insights into the pathophsyiology of the
disorder, potential late complications as well as the presence
of associated conditions. While it is beyond the scope of this
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article to discuss all abnormalities that have been found in
association with Gaucher disease, a few prominent findings
deserve attention. First of all, bone disease has always been
considered part of the clinical spectrum of Gaucher disease
and it has become clear that only partial improvement of bone
disease can be achieved with ERT. It appears that in patients
with a longstanding history of Gaucher disease, aggregates of
Gaucher cells cannot be cleared, even when high doses of
enzyme are supplied for many years (de Fost et al 2008; Lebel
et al 2013). Post-mortem studies have shown persistent
Gaucher cells despite ERT in other tissues as well (Hulkova
et al 2009). Perhaps these Gaucher cells are not accessible for
ERT, because they developed characteristics that make them
resistant to treatment. Indeed, it has been suggested that ma-
ture Gaucher cells are highly resistant to ERT (Elleder 2006)
and different subsets of Gaucher cells have been identified
(Boven et al 2004). Elleder further hypothesized a role for
extralysosomal transport of glucosylceramide from non-
macrophage cells with unknown biological effects, perhaps
related to toxicity of glucosylsphingosine (Elleder 2006). In
some advanced cases, liver disease with cirrhosis and in-
creased risk of development of hepatocellular carcinomas is
seen. One may speculate that a certain amount of residual
disease burden or persistent high levels of certain substrates
could cause a risk for development of complications, including
fibrotic changes in liver and bone marrow or induce cancer.
Indeed, several studies have identified a highly increased risk
for development of multiple myeloma, other hematological
cancers, hepatocellular carcinoma, and perhaps also renal cell
carcinoma (Arends et al 2013) (Weinreb and Lee 2013). A role
for glucosylsphingosine has also been suggested for the gen-
eration of hematological cancer (Pavlova et al 2013). Perhaps
(epi)- genetic factors may contribute to risks of developing
associated conditions. These conditions include not only bone
disease and specific cancers but also Parkinson’s disease,
metabolic syndrome, changes in lipid profiles, and pulmonary
hypertension. Vice versa, understanding of mechanisms may
elucidate pathways involved in common disorders such as
insulin resistance (Aerts et al 2011).

Future studies should focus on ways to identify risk factors
and how to prevent them. Identification of a “profile” of
clinical, biochemical, and genetic factors that predicts a risk
of cancer or bone complications would be an important step
forward. Such an approach will lead to further individualiza-
tion of treatment. It seems that the younger, less affected
population may carry a lower risk for some of these compli-
cations. However, the pathophysiological mechanisms are still
insufficiently understood and this observation should not lead
to “over-treatment” of patients with minimal disease (Zimran
2011). Observations in adult patients have shown minimal
disease progression in mildly affected patients and immediate
responses to therapy even after years of untreated follow-up
(Boomsma et al 2010).

Fabry disease

In 2001 two enzymes were authorized for the treatment of
Fabry disease: agalsidase beta (Fabrazyme, Genzyme Corp)
and agalsidase beta (Replagal, Shire HGT). Renewed interest
in the disorder was also stimulated by the need for both phar-
maceutical companies to launch a registry, as part of their post-
marketing obligations to the EMA. Unfortunately, this has led
to unwanted fragmentation of data (Hollak et al 2011) and
slowed the understanding of the pathophysiology of the dis-
ease. As already discussed, the treatment effects were not as
robust as hoped: patients still developed complications related
to the disease, mainly progressions of renal failure, new strokes
and cardiac events such as arrthymias and fibrosis of the heart
with heart failure. What became clear is that there is an extreme
variability in clinical disease: other than for example in
Gaucher disease, the symptoms can be very aspecific and
may also be attributed to far more common disorders such as
dislipidemia, hypertension, diabetes, and other disorders affect-
ing the vascular system. Together with a drive to screen for
patients and a wealth of different mutations of unknown sig-
nificance in the GLA gene, this has currently resulted in a large
proportion of patients to be designated as “non-classical” pa-
tients. In fact, when applying more strict diagnostic criteria, in
five out of six of these patients the diagnosis should be consid-
ered unconfirmed (van der Tol et al 2014). However, a subset of
patients obviously indeed will have Fabry disease but with
limited manifestations, for example only cardiac hypertrophy.
These patients can be distinguished biochemically, as they do
not have an elevated level of (lyso) Gb3 as is seen in classically
affected patients (Aerts et al 2008) and have residual enzyme
activity. Clearly, the natural course of disease of classically
affected patients and these non-classical individuals is very
different and it is expected that responses to treatment will also
be different. It is currently very challenging to predict the
disease course based only on genotype in a patient with non-
classical disease. Treating early to prevent irreversible compli-
cations is often expressed as a dogma. However, currently
available data from the literature and personal experiences have
not yet shown that starting “early” can prevent complications.
Although the early treatment dogma might hold true for clas-
sically affected patients, special caution is needed when con-
sidering early treatment in those individuals with an unclear
phenotype. In addition, the classically affected males are par-
ticularly prone for development of neutralizing antibodies,
reflected by recurrence of storage material in plasma. It is
currently unclear whether these patients benefit from ERT in
the presence of these antibodies. Research thus should focus on
improving diagnostic criteria, defining subgroups of patients,
study their natural disease course, pathophysiology, and bene-
fits of existing treatments. Only when these basic questions
have been resolved, treatment can be further individualized
and, hopefully, improved.
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MPS I, Hurler phenotype

HSCT was first introduced for the treatment of patients with
the MPS I-Hurler in 1981 (Hobbs, Lancet, 1981) and, per-
formed before the age of 2.5 years, it is now the treatment of
choice for this group of patients (de Ru et al 2011). Although
HSCT has favorable effects on the progression of several
important clinical symptoms, the skeletal disease is particu-
larly unresponsive, with a variable progression of genu
valgum, thoracolumbar kyphosis and hip dysplasia (Field
et al 1994; Weisstein et al 2004; Aldenhoven et al 2009).
The cause of the skeletal disease in MPS I is multi-factorial
and based on intra- and extracellular deposition of GAGs
leading to impaired cell-to-cell signaling, altered mechanical
properties and upregulated inflammatory pathways. All of
these mechanisms have the potential to affect the growth plate,
and osteoclasts and osteoblasts, leading to the typical bone
pathology (Pan et al 2005; Simonaro et al 2008). Apparently,
there is insufficient enzyme delivery via the bloodstream to
poorly vascularized tissues, such as the skeleton. In addition,
early deleterious effects of accumulating GAGs to the growth
plate may result in irreversible damage and consequently in
abnormal growth despite therapeutic interventions. New ap-
proaches, including autologous HSCT augmented by gene
therapy (Visigalli et al 2010), anti-inflammatory and pro-
chondrogenic drugs (Schuchman et al 2013) and newborn
screening for MPS I-H patients allowing early HSCT
(Kingma et al 2013; Scott et al 2013) are currently explored.

Pompe disease

ERT with purified alfa glucosidase for Pompe disease has
already been developed in 1999 for the treatment of infantile
cases, showing improvements in motor development and sur-
vival (Van den Hout et al 2000). A recent study, with the aim
to determine cognitive outcomes, reported clear long-term
benefits, but several late complications were noted (Ebbink
et al 2012). These included the presence of periventricular
white matter abnormalities as well as speech- and hearing
deficits. Of importance was that some patients deteriorated
after initial improvement and lost all motor skills after some
years, while others stabilized for a long period of time. In
another study, including a subset of infantile patients who
initiated ERT before the age of 6 months and were not venti-
latory dependent, sustained improvements in motor function
and cardiac parameters were observed over a median period of
8 years (Prater et al 2012). However, a range of residual
disease manifestations was present, including persisting mus-
cle weakness, hearing loss, arrhythmias, hypernasal speech,
dysphagia with risk for aspiration, and osteopenia.

Follow-up in later onset cases is as yet still limited. The
initial pivotal study revealed that during 18 months of treat-
ment, ERTwas associated with improved walking distance and

stabilization of pulmonary function (van der Ploeg et al 2010).
A longer-term study in six late-onset Pompe patients reported
progressive diaphragmweakness in three patients, although the
authors concluded that ERTcould potentially delay the require-
ment for ventilation (Schneider et al 2013). Possibly, subsets of
patients exist that benefit more or less from treatment. While it
was reported that longer disease duration and reduced pulmo-
nary function were identified as predictors of disease progres-
sion (van der Beek et al 2012), it is so far unclear which of the
late onset patients benefit most from treatment and what the
optimal timing is to initiate therapy.

Conclusions

In spite of all the advancements made over the last decades,
many challenges still exist with regard to the clinical support
of patients with LSDs, irrespective of the availability of a
disease modifying treatment. Internationally accepted proto-
cols that can assist clinicians in making a correct diagnosis,
recognize disease related complications, and harmonize
criteria for initiation and cessation of therapy are urgently
needed. Several initiatives have already been launched, often
in relation to development or introduction of a new treatment.
This has led to a number of important studies resulting in new
insights in the disease course and the pathophysiology of
diseases, but also to a domination of research by the pharma-
ceutical industry. Indeed, most of the large scale clinical
studies are based on the data retrieved from industry-
sponsored disease and treatment specific registries. As part
of post-marketing authorization requirements by EMA, phar-
maceutical companies have launched drug-oriented registries.
These registries have severe limitations, including fragmenta-
tion of data, incomplete datasets, and insufficient indepen-
dence. In the future, involvement of patient organizations
and clinical researchers before the start of clinical studies of
a new orphan drug, including the early launch of a high quality
disease database might improve the ability to evaluate the
natural disease course and effectiveness of treatments.
Currently, discussions are ongoing in the EU how to improve
the process of collaborative, faster, and more independent
evaluation of the added value of orphan drugs (http://www.
eucerd.eu: EUCERD recommendation for a CAVOMP
workflow). Beyond the study of effectiveness of a treatment,
there is a need for a better understanding of the “altered
phenotype” as a consequence of treatment, which requires a
similar structured approach. Clinical researchers and patient
organizations are now increasingly starting to produce
guidelines for therapy. Potential hurdles are the previously
mentioned post-marketing requirements and lack of funding,
partially due to insufficient non-industry funding sources for
research on orphan diseases. In this respect, EU initiatives for
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the support of sustainable rare disease networks may prove to
be an essential step forward.
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