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Introduction

Lysosomal storage diseases (LSDs) are
a group of genetic disorders caused by
defects of activity, post-translational
modifications and trafficking of soluble
lysosomal hydrolases, integral mem-
brane proteins and transporters (Futer-

Lysosomal storage diseases (LSDs) are a group of genetic disorders due to defects in
any aspect of lysosomal biology. During the past two decades, different approaches
have been introduced for the treatment of these conditions. Among them, enzyme
replacement therapy (ERT) represented a major advance and is used successfully in
the treatment of some of these disorders. However, ERT has limitations such as
insufficient biodistribution of recombinant enzymes and high costs. An emerging
strategy for the treatment of LSDs is pharmacological chaperone therapy (PCT),
based on the use of chaperone molecules that assist the folding of mutated enzymes
and improve their stability and lysosomal trafficking. After proof-of-concept studies,
PCT is now being translated into clinical applications for Fabry, Gaucher and Pompe
disease. This approach, however, can only be applied to patients carrying chaperone-
responsive mutations. The recent demonstration of a synergistic effect of chaper-
ones and ERT expands the applications of PCT and prompts a re-evaluation of their
therapeutic use and potential. This review discusses the strengths and drawbacks of
the potential therapies available for LSDs and proposes that future research should
be directed towards the development of treatment protocols based on the combi-
nation of different therapies to improve the clinical outcome of LSD patients.

man & van Meer, 2004). These defects cause impaired
intracellular turnover and disposal of a variety of substrates,
including sphingolipids, glycosaminoglycans, glycoproteins and
glycogen. The accumulation in the endosome/lysosome of these
substrates elicits complex, and still only partially understood,
secondary biochemical and cellular events that ultimately lead
to cell and tissue damage (Ballabio & Gieselmann, 2009;
Futermann & van Meer, 2004).
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More than 40 LSDs are known and are traditionally classified
according to the chemical properties of the accumulated
compound. Although each of them is rare, their overall
prevalence is estimated as 1 in 8000 live births (Meikle et al,
1999), and they represent a heavy burden in terms of patients’
health, social and economical costs.

LSDs are characterized by involvement of multiple tissues
and organs. Therefore, LSD phenotypes are complex, with the
variable association of visceral, skeletal and neurological
manifestations. Among the clinical manifestations, those
related to central nervous system (CNS) involvement, often
with progressive neurodegeneration and cognitive impairment,
are highly debilitating.
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The complexity of LSD phenotypes and pathophysiology
makes therapeutic interventions for LSDs particularly
challenging. Therapies should be directed towards correction
of pathology and function in all affected tissues to restore health,
or to ameliorate patients’ quality of life. Although different
therapeutic options have been introduced over the past two
decades (Fig 1), it is now becoming clear that these approaches
have limitations and important issues remain unsolved. In
addition, each of the diverse approaches currently available
have strict indications and criteria of applicability for individual
LSDs, or even for subsets of patients within each disease, and, in
principle, none of them have the potential to treat all diseases
(Table 1).

For these reasons, current efforts are being directed towards
exploring alternative therapeutic approaches for LSDs based on
innovative strategies.

Glossary

Blood-brain barrier (BBB)

A selectively permeable barrier between the capillaries and the brain
that acts as a filter preventing many substances from entering the
CNS.

Chaperones

Innate proteins (molecular chaperones) or small molecule drugs
(pharmacological chaperones) that assist protein folding and main-
tenance of native conformation.

Endosome/lysosome

Vesicular organelles involved in the trafficking and sorting of
endocytosed cargo molecules, and in the degradation and recycling,
by lysosomal hydrolases, of complex substrates.

Fabry disease

An X-linked multisystem disease caused by the deficiency of the
lysosomal hydrolase GLA, characterized by storage in blood vessel
endothelia, and cardiac, renal, cutaneous and ocular manifestations.

Gaucher disease

An LSD caused by GBA deficiency and characterized by sphingolipid

storage in reticulo-endothelial cells. Gaucher disease’s phenotype is

characterized by visceral, haematological and skeletal manifestations.
In ‘neuronopathic’ Gaucher phenotypes (types Il and Ill), progressive
neurological involvement is an additional and debilitating manifes-

tation.

GnaiGangliosidosis

An LSD caused by B-galactosidase deficiency. The phenotype of the
disease is characterized by visceral, ocular and neurological mani-
festations.

Heat-shock response
Up-regulation of functionally related proteins in response to elevated
temperature or stress.

Krabbe disease

A leukodystrophy caused by the deficiency of the lysosomal hydrolase
B-galactocerebrosidase and characterized by a fatal neurodegenera-
tive clinical course.

Lysosomal storage diseases (LSDs)

A group of more than 40 genetic disorders. The majority of these
diseases are caused by the defective activity of soluble lysosomal
hydrolases, which are involved in the degradation of complex
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Current approaches for LSDs: successes and
failures

Among the different therapeutic approaches for LSDs, substrate
reduction therapy (SRT) aims to reduce the rate of substrate
synthesis, thereby restoring the equilibrium between substrate
synthesis and degradation. The strategy is used in the treatment
of type 1 Gaucher disease since 2003 and is based on the use of
small molecule inhibitors of glycosyltransferases (reviewed in
Platt & Jeyakumar, 2008). It is effective in improving or
stabilizing biochemical, haematologic and bone markers of
disease (Pastores et al, 2005). Clinical studies are in progress for
the evaluation of this strategy in Niemann-Pick disease type C, a
defect of intracellular cholesterol trafficking in which glyco-
sphingolipid storage plays a pathogenic role in brain disease
(Patterson et al, 2007), whereas pre-clinical studies have been

molecules. Other defects are caused by defective function of integral
membrane proteins and transporters.

Mannosidosis

A lysosomal storage disorder of glycoprotein catabolism caused by the
deficiency of a-mannosidase. The phenotype of mannosidosis is
characterized by skeletal and visceral symptoms, and by progressive
neurological deterioration.

Metachromatic leukodystrophy
A LSD due to arylsulphatase A deficiency and characterized by
progressive neurodegeneration.

Mucopolysaccharidoses

A group of LSDs, caused by defects of lysosomal hydrolases involved in
glycosaminoglycan degradation. The clinical phenotype of these
disorders is characterized by the variable association of neurological
involvement, visceral, skeletal and ocular manifestations.

Niemann-Pick disease type C

A defect of intracellular cholesterol trafficking due to mutations of
either NPC1 (95%) or NPC2 (5%) genes, and characterized by
progressive visceral and neurological manifestations.

Pompe disease

A metabolic myopathy caused by the deficiency of the lysosomal
hydrolase GAA. Pompe disease’s phenotype is highly variable and
ranges from severe infantile presentations with cardiomyopathy,
hypotonia and early lethality, to attenuated late-onset forms with
absent or minimal cardiac involvement.

Private mutation
A rare mutation, usually found in a single family or small population.

Proteostasis

An innate cellular network of pathways that control the equilibrium of
protein synthesis, folding, trafficking, aggregation, disaggregation and
degradation

Tay-Sachs disease (Gy, Gangliosidosis)

An LSD caused by B-hexosaminidase deficiency. The phenotype of the
disease is characterized by ocular and severe neurological manifes-
tations.

Unfolded protein response (UPR)

A cellular stress response to the accumulation of misfolded proteins,
resulting in coordinated activation and transcription of genes aimed
at increasing the production of molecular chaperones.

© 2009 EMBO Molecular Medicine
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Figure 1. Therapeutic approaches for LSDs. Till the end of the 1980s, only support therapies were available for LSD patients. During the past two decades,
different therapeutic approaches have been introduced, including HSCT, ERT, PCT and SRT. Each of these approaches has been applied to different diseases. HSCT
has been applied to several LSDs, not indicated in the figure (for a review, see Orchard et al, 2007). The year of the first reports on clinical applications of each
therapy is indicated. ERT is now under development for several LSDs. EET has been translated for Fabry disease. Two studies on PCT for Gaucher and Pompe disease
are in progress, but the results are not yet published. Although gene therapy pilot studies have been conducted (Worgall et al, 2008) or are in preparation, it is
currently difficult to predict when their clinical translation will take place in this area.

published for mucopolysaccharidoses (MPS) (Piotrowska et al,
2006; Roberts et al, 2007) and a few other LSDs (Andersson et al,
2004; Elliot-Smith et al, 2008).

The majority of therapeutic approaches for LSDs are aimed at
correcting the loss of function of the mutated enzyme by
increasing the cell and tissue levels of a functional protein.

Among them, haematopoietic stem cell transplantation (HSCT)
was the first to be introduced in the treatment of LSDs. This
strategy relies on the use of healthy haematopoietic stem cells
from a donor and is based on the effects of repopulation of
specific tissues by the donor’s cells, and on the ability of these
cells to secrete functional lysosomal enzymes and correct the

Table 1. Advantages and limitations of therapies for LSDs

Advantages

HSCT e Sustained correction after a single procedure
e Cross-correction of host’s cells by secreted enzymes

ERT e Long-term experience and
documented efficacy in thousands
of patients treated (e.g. Gaucher disease)
e Registries available to document
natural history of disease and efficacy
SRT e Oral administration
e Little impact on quality of life

PCT e Better biodistribution of therapeutic agents
e Possibility to target neurodegeneration in LSDs
e Oral administration
e Little impact on quality of life
Gene therapy e Sustained correction after a single procedure
e Cross-correction by enzymes secreted
by ‘factory’ organs

Limitations

e Procedure-related risks and mortality

e Not effective in some diseases

e Time required to identify compatible donors

e Poor engraftment in tissues like bone, cartilage and heart

e Poor distribution of recombinant enzymes in specific tissues

e Inability of recombinant enzyme to cross the BBB;

e Frequent infusions required, with high impact on quality of life
e High costs

e Limited clinical experience (with the exception of Gaucher disease)
e Long-term adverse effects unknown

e Limited clinical experience

e Long-term adverse effects unknown

e Only patients with specific ‘responsive’ mutations
amenable to treatment

e Very limited clinical experience, still under development

© 2009 EMBO Molecular Medicine
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host’s deficiencies. Although burdened by a significant level of
procedure-related mortality and by insufficient engraftment in
tissues such as bone or heart, HSCT is indicated for the
treatment of MPS I and has beneficial effect on the visceral
manifestations of MPS VI, in pre-symptomatic or late-onset
Krabbe disease, and in the attenuated forms of metachromatic
leukodystrophy (Orchard et al, 2007).

Gene therapy, is aimed at restoring enzyme activity by
delivering the wild type copy of the defective gene into the
recipient’s cells. Gene therapy is under study for a variety of
diseases, mostly in pre-clinical studies performed in animal
models recapitulating the LSDs, phenotypes. Multiple viral
vectors have been used to accomplish in vivo gene transfer, such
as herpesviruses, lentiviruses, adeno-associated viruses (AAV),
adenoviruses (Ad) and others (Sands & Davidson, 2006).

This review focuses particularly on enzyme replacement
therapy (ERT) and on pharmacological chaperone therapy
(PCT). The former represented a major advance in the treatment
of LSDs and is currently the standard of care for the most
prevalent of these disorders, such as Gaucher, Fabry and Pompe
disease and MPS I, Il and VI (Table 2) (Brady, 2006). PCT on the
other hand, is the newest proposed therapeutic strategy and is in
active and rapid development (Fan & Ishii, 2007).

The rationale of ERT evolved from the identification of the
molecular mechanisms implicated in the sorting of newly
synthesized and secreted enzymes. ERT is based on the concept
that recombinant lysosomal hydrolases, mostly enzyme pre-
cursors, can be internalized by cells and tissues through the
mannose or mannose-6-phosphate receptor (MPR) pathways
and are ultimately delivered to lysosomes, where they are
activated and replace the function of the defective hydrolases
(Brady, 2006).

Further impulse to the development of ERT derived from the
availability of technologies allowing large-scale production,
purification and manipulation of the oligosaccharide moieties of
recombinant proteins to improve cell and tissue targeting, and
from the Orphan Drug legislation, that encouraged biotech
companies to invest in the treatments for rare diseases
previously ignored for their limited profitability.

Giancarlo Parenti

After several years and after thousands of patients have been
treated, the success of ERT has been clearly documented in
Gaucher disease, the first disease targeted by this approach with
an extractive B-glucocerebrosidase (GBA) (Barton et al, 1991
registries). This stimulated investigators and companies to
develop new recombinant enzymes and to extend ERT to other
LSDs (Table 1 and Fig 1).

Despite considerable success in treating some of these
diseases, ERT clearly has limitations. A major problem derives
from enzyme biodistribution. Recombinant enzymes are large
molecules that do not freely diffuse across membranes and
depend on the mannose or MPR pathways for delivery to
lysosomes. For example, in MPS I, II and VI, distribution of
recombinant enzymes and correction of pathology is inefficient
in tissues such as bone, cartilage and heart (Wraith, 2006).

Of even greater clinical relevance is the inability of
recombinant enzymes to cross the blood-brain barrier (BBB).
Many LSDs are characterized by CNS pathology and progressive
neurodegeneration, and obtaining corrective enzyme levels in
the brain is a major therapeutic goal. Attempts to address this
issue have been made, based on different strategies. For
example, chemical modification of B-glucuronidase abolished
mannose and MPR-mediated uptake of the enzyme, and
resulted in sustained enzyme plasma levels and increased
delivery to brain cells by an unknown pathway (Grubb et al,
2008). Other approaches are either 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 (Osborn et al, 2008),
or on invasive procedures, like intratechal ERT (Munoz-Rojas
et al, 2008). For all these studies, clinical translation does not
appear imminent.

In Pompe disease, a metabolic myopathy caused by defective
activity of acid a-glucosidase (GAA), insufficient targeting of the
therapeutic enzyme to the major sites of storage and pathology,
i.e. heart and muscle, has also been observed. In particular,
correction of skeletal muscle disease by ERT with recombinant
human GAA (thGAA) appears exceptionally challenging (van
der Ploeg & Reuser, 2008). Unfortunately, ThGAA is preferen-

Table 2. ERT in LSDs

Disease Defective First report(s) Recombinant Status Average cost Other therapeutic
enzyme/gene enzyme per patient approaches available
preparation(s) per year™® (USD)
Gaucher disease GBA Barton et al, 1990 Imiglucerase Approved 90,000-720,000 SRT, PCT
Fabry disease GLA Eng et al, 2001; Agalsidase alpha; Approved 156,000-215,000 PCT
Schiffmann et al, 2001a, 2001b Agalsidase beta
Pompe disease GAA van den Hout et al, 2000 Aglucosidase alpha Approved 476,000 PCT
MPS | IDUA Kakkis et al, 2001 Laronidase Approved 260,000-340,000 —
MPS 11 IDS Muenzer et al, 2002 Idursulphase Approved 657,000 =
MPS VI ARSB Harmatz et al, 2004 Galsulphase Approved 377,000 —
Niemann-Pick B ASM = = Trial phase | = =
Mannosidosis MAN2B1 —_ —_ Pre-clinical — —
Metachromatic ARSA — — Trial phase |-l — —
leukodystrophy
Krabbe disease GALC — — Pre-clinical — —

MBeutler et al, 2006

www.embomolmed.org
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tially taken up by the liver and only a minor fraction of the
enzyme is delivered to skeletal muscle, which expresses low
levels of the MPR. To increase the targeting of the rhGAA to the
muscle, a glycoengineered GAA with improved affinity for the
MPR (Zhu et al, 2009) has been developed, and resulted in
improved enzyme delivery into muscles, higher clearance of
glycogen and improvement of muscular function and strength in
the mouse model of the disease.

The inefficient biodistribution of the recombinant enzymes is
however not the only limitation of ERT. Aspects related to the
pathophysiology of LSDs and the secondary cellular abnorm-
alities elicited by storage also affect clinical outcomes and are
not addressed by ERT. In fact, they may even impair ERT
efficacy. Again, Pompe disease is a paradigm of these problems.
In an animal model, Pompe disease autophagic build-up has
been observed in muscle cells, resulting in sequestration of the
rhGAA in the autophagic compartment (Fukuda et al, 2006). In
addition, disruption of the MPR pathway and reduced efficacy of
the recombinant enzyme has been observed in patient-derived
fibroblasts (Cardone et al, 2008).

Adverse reactions or attenuated therapeutic efficacy of ERT
may be the consequence of the immune response to recombi-
nant enzymes. Also, the frequent intravenous infusions to
obtain sustained corrective enzyme levels and the need for
permanent intravenous devices impose a burden on patients’
quality of life.

Finally, economical aspects should not be ignored. Initial
investments in research and costs related to the production of
large amounts of good manufacturing practice (GMP) recombi-
nant enzymes, contribute to keep the prices of ERT extremely
high. The treatment for a single patient may cost as much as
several hundred thousand US dollars (Beutler, 2006), thus
making ERT one of the most expensive therapeutic strategies
currently in use (Table 2). Such high costs, that may be
acceptable in some western countries, are hardly affordable in
underdeveloped countries, and limit the access of patients to
ERT.

Innovative therapeutic approaches to genetic
diseases: rescuing mutated proteins with
pharmacological chaperones

To circumvent some of the limitations of ERT, new therapeutic
avenues have been explored in recent years. An approach that
has attracted much interest as an emerging strategy for the
treatment of loss-of-function genetic diseases, including LSDs, is
PCT with small molecule compounds.

Missense mutations often result in the inability of protein to
fold efficiently into their native conformation, that is the most
energetically favourable state, thus leading to either accumula-
tion of toxic aggregates (with a gain of function effect) or to
increased degradation (with loss of metabolic or cellular
functions) (Arakawa et al, 2000).

The endoplasmic reticulum (ER) has a quality control system
for newly synthesized proteins, consisting of molecular
chaperones that facilitate the correct protein conformation,

© 2009 EMBO Molecular Medicine

and sensor molecules that recognize and tag incompletely
folded proteins. Incorrectly folded proteins are thus retro-
translocated into the cytosol and degraded by the ER-associated
degradation (ERAD) machinery (Ellgaard & Helenius, 2003).

PCT is based on the concept that ligands, such as substrates
or active-site directed competitive inhibitors, may assist the
folding of mutated enzymes that retain their catalytic activity,
and prevent their recognition by the quality control systems
(Fan & Ishii, 2007). The result of this ‘pharmacological
chaperone’ effect is an increased intracellular pool of active
enzyme, improved trafficking of the protein towards its final
destination and partial restoration of the metabolic functions
(Fig 2).

Besides LSDs, PCT-based therapeutic approaches have been
proposed for other genetic disorders, caused both by toxicity of
aggregate-prone proteins and by loss-of-function of enzymes
and carriers (see Box 1)

LSDs as candidates for pharmacological
chaperone therapy (PCT)

A pioneering study by Fan et al (1999) demonstrated for the first
time, a chaperone effect of an imino sugar in lymphoblasts from
patients with Fabry disease, caused by the deficiency of the
lysosomal hydrolase a-galactosidase A (GLA) that results in
vascular endothelial damage, peripheral neuropathy, cardiac,
renal and eye disease. Subsequently, other studies provided the
proof of principle for the use of PCT in a few other LSDs,
including Gaucher disease (Yu et al, 2007), Gangliosidoses Gy
(Matsuda et al, 2003) and Gy;, (Maegawa et al, 2007; Tropak
et al, 2004) and Pompe disease (Okumiya et al, 2007; Parenti
et al, 2007) (Table 3). Recently, Ficko-Blean et al suggested the
use of chaperones also for MPS IIIB (Ficko-Blean et al, 2008).

For several reasons, LSDs can be considered excellent
candidates for chaperone-mediated PCT. It is assumed that a
threshold activity of approximately 10% is sufficient to prevent
storage in LSDs (Schueler et al, 2004). Thus, even a minor
increase in enzyme activity obtained by PCT is likely to have an
impact on disease pathology and be beneficial for patients.

In addition, the use of pharmacological chaperones has the
potential to overcome several ERT limitations such as its impact
on the patients’ quality of life and high costs. These drugs can be
ingested orally and do not require invasive life-long infusions, as
for ERT. One should note however, that a few adverse effects are
known for some of these molecules, such as N-butyl-
deoxynojirimycin (NB-DNJ), and we do not know much about
the effect of long-term treatment. In what concerns the short
term effects though, these appear to be easily managed by
transient dosage reduction or diet modifications.

As far as costs go, it is reasonable to predict that the
production of small molecule drugs will be less expensive than
recombinant enzymes. Unfortunately, this does not seem to be
the case for NB-DNJ, the commercially available compound
discussed above that has potential as a pharmacological
chaperone in Pompe and Gaucher disease. The treatment of a
single adult patient with NB-DNJ can be estimated to be

EMBO Mol Med 1, 268-279 www.embomolmed.org
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Figure 2. Effect of pharmacological chaperones on misfolded lysosomal enzymes.
A. Folding of lysosomal enzymes is assisted by endogenous molecular chaperones. While wild type enzymes are properly folded by the chaperones and correctly
transported to their destination (green arrows), mutated enzymes fail to fold efficiently into their native conformation, and are retro-translocated into the

cytosol and degraded by the ERAD machinery (red arrows).

B. Pharmacological chaperones favour the folding of mutated enzymes that retain their catalytic activity, and prevent their recognition by the quality control
system. The complex chaperone-mutated enzyme is delivered, at least partially, to the lysosomal compartment, where the chaperone is displaced from the

active site of the enzyme by the excess natural substrate.

BOX1: PCT in genetic diseases

PCT-based therapeutic approaches have been proposed both
for the treatment of diseases caused by the toxic effect of
aggregate-prone proteins (Kontsekova et al, 2009; Nagai &
Popiel, 2008) and for a number of loss-of-function genetic
disorders, such as cystic fibrosis (CF), phenylketonuria (PKU)
(Pey et al, 2008), autosomal dominant retinitis pigmentosa
(Bonapace et al, 2004), nephrogenic diabetes insipidus
(Bernier et al, 2006; Nedvetsky et al, 2009), hyperoxaluria
type | (Hopper et al, 2008).

Of these disorders, CF and PKU are particularly interesting
for their prevalence and for their impact on patients’ health
and quality of life. Despite improved medication protocols
and management, CF morbidity and mortality remains high.
The AF508, the most prevalent mutation of the CF trans-
membrane conductance regulator (CFTR) protein is poten-
tially functional, but is misfolded and is not delivered to the
plasma membrane. It has been shown that quinazoline
derivatives (so called CF correctors) are able to rescue
the folding and the trafficking of the AF508 mutant
protein, restoring trans-membrane conductance (Wang
et al, 2008). This strategy may allow curing the majority of

CF patients, as the AF508 mutation accounts for 70% of
disease causing alleles and is found at least in one allele in
90% of Caucasian patients.

In PKU, caused by mutations of the phenylalanine
hydroxylase (PAH) gene, early detection and treatment of
patients through newborn screening and restriction of
phenylalanine intake have been remarkably successful in
changing patients’ outcome. However, diet has to be
maintained for life and is expensive. Recently, Pey et al
(2008) identified two potential chaperone molecules that
are able to improve PAH stability and residual enzyme
activity, thus opening the way to the use of PCT as a novel
therapeutic approach to PKU. Nephrogenic diabetes insipi-
dus (NDI) has also emerged as another candidate for an EET-
based treatment. This disorder, characterized by a massive
loss of hypo-osmotic urine, is caused by defects of aquaporin
2 (AQP2) trafficking. Thus, the development of drugs
targeting AQP2 trafficking and cellular localization may
have a potential for the treatment of NDI (Bernier et al, 2006;
Nedvetsky et al, 2009).

www.embomolmed.org EMBO Mol Med 1, 268-279
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Table 3. PCT in LSDs

Disease Enzyme deficiency Chaperone(s) Other available therapies
Fabry disease GLA DGJ, galactose, 1-DGJ-lysine, galactostatin bisulphite ERT

Gaucher disease GBA IFG, NB-DNJ, DNJ, NOV, 2,5-anhydro-2,5-imino-p-glucitol ERT, SRT

Gn1 gangliosidosis GLB1 NOEV —

G2 gangliosidosis HEXA Pyrimethamine —

Pompe disease GAA DNJ, NB-DN] ERT

NOV: N-octyl-beta-valienamine.

approximately 210,000 US dollars per year. It is possible that
other molecules, like 1-deoxygalactonojirimycin (DGJ) used for
Fabry disease therapy and second-generation compounds will
be less expensive.

A major advantage of chaperones is their better cellular and
tissue distribution as compared to ERT. Chaperones are small
molecules and it is commonly assumed that they penetrate cell
membranes and achieve therapeutic concentrations in specific
cell compartments. Indeed, the data available on tissue and fluid
distribution of these molecules show that they are widely distributed
in tissues and organs. In rats, NB-DNJ was widely distributed in
organs and in the animal carcasses (Treiber et al, 2007).

These chaperones can cross the BBB, and therefore have a
potential for the treatment of diseases with CNS involvement.
An important example of this potential has been reported in the
mouse model of Gy;; gangliosidosis (Suzuki et al, 2007), a severe
LSD caused by B-galactosidase deficiency resulting in both
visceral and neurological manifestations. In this study, a
synthetic chaperone of B-galactosidase, N-octyl-4-epi-B-valie-
namine (NOEV), was rapidly and efficiently delivered to the
brain and was able to increase enzyme levels in almost all areas
of the brain, prevent ganglioside storage and delay neurological
deterioration.

On the other hand, there is limited data on the intracellular
distribution, and specifically on ER delivery, a crucial aspect for
the efficacy of these drugs. To be efficient, sufficient chaperone
concentrations need to be maintained in the ER lumen (Butters
et al, 2005). In addition, as chaperones interact with the active
site and reversibly inhibit enzyme activity, their amount in the
ER is a critical factor. One must carefully consider the balance
between the ER concentration required for enhancing protein
folding and the concentration that inhibits the enzyme of
interest or other ER-resident enzymes. Another assumption is
that once in the lysosome, the chaperone is displaced from the
enzyme due to the excess of natural substrate, with a higher
affinity to the catalytic sites of enzymes and that the acidic
environment of lysosomes favours the dissociation of the
chaperone-enzyme complex. All these aspects are not com-
pletely clear and will need further investigation.

Understanding the mechanisms of
chaperone—-enzyme interactions

Although the rationale of PCT is clear and proof-of-concept
studies for its use in LSDs have been performed, the molecular

© 2009 EMBO Molecular Medicine

mechanisms underlying the effect of chaperones have
remained speculative for years. Two alternative models
have been suggested. Pharmacological chaperones may
stabilize the native or native-like state of proteins or,
alternatively, they may bind to proteins in non-native state
and facilitate their transition to the native-like conformation
(Arakawa et al, 2006).

Valuable insight was provided by recent studies on the
molecular interactions of three lysosomal enzymes, GLA, GBA
and GAA, with their respective chaperones. The structure of
these enzymes has been solved either by crystal diffraction
analysis or predicted by generating homology models (Lieber-
man et al, 2007, 2009; Sugawara et al, 2009; Yoshimizu et al,
2008). These enzymes share a triosephosphateisomerase (TIM)
barrel (a/B)g motif in the catalytic domain. Like the natural
substrates, chaperones fit into the active site pocket and
undergo hydrogen bonding with specific amino acid residues.
The nature and strength of interactions between chaperones
and the active site have been elucidated and a stabilizing effect
of chaperones has been demonstrated (Tropak et al, 2008).

The effects of chaperone binding have been studied in detail
for GBA (Lieberman et al, 2007). GBA stability and conforma-
tion were analysed in neutral and in acidic pH environments,
reflective of the ER and of the lysosomal compartments,
respectively, and in complex with its pharmacological chaper-
one isofagomine (IFG). Although the overall conformations
assumed by GBA under these conditions were highly similar,
small but critical differences in two loops localized at the mouth
of active site were induced both by pH changes and by IFG
binding. In addition, it was observed that, upon folding in the
ER, GBA may assume different intermediate configurations and
that IFG favours one of them. This effect of IFG on GBA
conformation is important for its chaperoning function, as it
appears to be favourable for enzyme stability, correct trafficking
and binding of saposin C and lipids.

These studies assume clinical relevance as they give the
possibility to analyse the effects of amino acid substitutions and
to predict whether mutations found in patients will respond to a
particular chaperone.

Specific amino acid residues have a critical role for protein
conformation. In GBA, the Asn residue at position 370 is
important for stabilization of the conformational change of one
of the two loops at the mouth of the catalytic site. Substitution of
this residue with a serine (the N370S mutation, highly prevalent
in attenuated phenotypes of Gaucher disease and in Ashkenazi
patients) leads to destabilization of one of the loops located
in the vicinity of the catalytic site, with effects on substrate
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binding. IFG binding restores proper conformation and
trafficking of N370S mutated GBA (Lieberman et al, 2007).

Similarly, in Pompe disease, the location and the nature of
amino acid substitution plays critical roles in determining
whether a GAA variant is likely to be responsive to
pharmacological chaperones (Flanagan et al, in preparation).
In a screening of 76 GAA mutations, 16 of them were found to be
responsive to the chaperone 1-deoxynojirimycin (DNJ). Half of
the GAA residues responsive to chaperones were located in two
short regions that interrupt the catalytic domain and are likely to
be important determinants of substrate specificity for various
glucosidases.

On the other hand, a screening of 75 different GLA missense
mutations in cultured lymphoblasts from males with Fabry
disease (Benjamin et al, 2009) showed that responsive
amino acid substitutions were located throughout the structural
domains of the enzyme and that response to chaperones was
mostly associated with attenuated clinical forms of the disease.

Apossible limitation of PCT in LSD emerged from extensive in
vitro screenings of disease-causing mutations in Fabry (Benjamin
et al, 2009), Gaucher (Sawkar et al, 2005) and Pompe diseases
(Flanagan et al, in preparation). Based on these studies, one can
estimate the fraction of LSD patients amenable to the PCT
approach. Whereas in Gaucher disease, chaperone-responsive
mutations are relatively frequent, such as the N370S that
accounts for 34% of Gaucher alleles in non-Ashkenazi patients
and 71 % in Ashkenazi patients (Koprivica et al, 2000), this is not
the case in the other diseases. In Pompe disease, the fraction of
patients amenable to PCT would vary from 10 to 15%. In Fabry
disease, most mutations are private mutations and an estimate
of the rate of responsive mutations is difficult to obtain.

Towards clinical translation of PCT

After elucidating the concept of PCT in pre-clinical studies,
research is now moving into clinical translation. A first patient
with the cardiac variant of Fabry disease and with a relatively
high GLA residual activity was treated with regular (every other
day) infusions of galactose, that acted as a GLA chaperone. The
patient showed improved cardiac function and histology
(Frustaci et al, 2001); however, the route of administration
used in this study and the frequency of infusions were not
advantageous as compared to ERT.

Phase I and 1II clinical trials are being conducted for Fabry,
Gaucher and Pompe diseases and information about these
studies is available at the USA Clinical Trials website (http://
www.clinicaltrials.gov). In a trial of 27 patients with Fabry
disease, treated for up to 2 years with DGJ (Migalastat), the drug
was safe and well tolerated. Migalastat increased the leukocyte,
kidney and skin GLA activities and reduced the substrate (GL-3)
levels in the urine and kidney biopsies of 24 patients.
Importantly, the chaperone response of patients was compar-
able with in vitro responsiveness of GLA gene mutations.

Thirty patients with Gaucher disease were enrolled in a short-
term trial with the chaperone AT2101. The drug was generally
well tolerated and increased the GBA activity in white blood
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cells in 20 patients. Relevant markers of Gaucher disease
remained unchanged, indicating that, at least for the 4-week
duration of the study, the drug was effective in maintaining
clinical stability.

Improving the treatment of patients with
combination therapies

Given the limitations of all therapeutic approaches so far
explored to treat LSDs, looking for new strategies to optimize
therapies and to target the diverse cellular and phenotypic
aspects of these diseases is becoming an important goal of
current research.

In this respect, a leap forward was made, thanks to recent
studies that indicated new solutions to improve the efficacy of
treatments for LSDs and opened new avenues to the use of PCT.
Although the concept of PCT is based on the enhancing effect of
chaperones on mutated misfolded proteins, some evidence
points to a possible effect of chaperones on wild-type enzymes.
Chaperones induce conformational stabilization and increase
thermal stability of normal recombinant enzymes (Kornhaber et
al, 2008; Tropak et al, 2008).

In addition, not only mutated enzymes, but also recombinant
enzymes used for ERT may be prone to mistrafficking and
degradation. A study of a mouse model of Gaucher disease
showed that only a fraction of the infused enzyme was
recovered from animal tissues, suggesting that proteolytic
degradation and/or denaturation may affect the efficacy of ERT
(Xu et al, 1996). Similarly, in Pompe disease human fibroblasts
and in muscle cells of a Pompe mouse model, a fraction of the
rhGAA is mistargeted and is ineffective (Cardone et al, 2008;
Fukuda et al, 2006).

Shen et al suggested that protection of recombinant enzymes
from degradation can be achieved by chaperones. Preincubation
of GBA with IFG significantly improved enzyme stability to
heat, neutral pH and denaturing agents in vitro and resulted in
increased uptake of the enzyme by cultured cells (Shen et al,
2008). Porto et al have recently provided in vitro and in vivo
proof of principle that the combination of ThGAA and the
chaperone NB-DNJ is more efficient in correcting the
enzyme activity than rhGAA alone (Fig 3) (Porto et al, 2009).
The chaperone increased the enzyme’s stability in vitro,
suggesting the possibility to obtain sustained corrective levels
of the enzyme in patient’s cells. Importantly, NB-DNJ also
increased the delivery of the recombinant enzyme to the
lysosomes. Improving the trafficking of the enzyme to
lysosomes is an important therapeutic goal as (1) this organelle
is the site of glycogen storage and (2) it is in the late endosomal/
lysosomal compartment that GAA is processed into its 76 and
70 kDa mature and active isoforms. Improved enzyme correc-
tion in muscle, the main site of pathology in Pompe disease, was
also found in vivo in the mouse model of Pompe disease treated
with the combination of rhGAA and oral NB-DNJ (Porto et al,
2009). The synergistic effect of chaperones and ERT was not
limited to Pompe disease, but was also seen in fibroblasts from a
patient with Fabry disease, using the combination of rhGLA
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Figure 3. Synergy of ERT and chaperones. The enhancing effects

of chaperones may take place at different levels.

A. By improving the uptake of the recombinant enzymes by mutant cells,

B. Favouring their intracellular trafficking to lysosomes and

C. Increasing the enzyme’s stability. Improved lysosomal trafficking is an
important therapeutic goal, as these organelles are the site of substrate
storage and because in the late endosomal/lysosomal compartment
enzymes are processed into the mature and active isoforms. Increased
stability may result in sustained corrective levels of intracellular enzymes.

and the GLA chaperone DGJ (Porto et al, 2009). In contrast, NB-
DNJ had no effect on rhGLA efficacy, indicating that the
enhancing effect of chaperones requires specific interactions
with lysosomal enzymes. These studies have important clinical
implications, as they indicate a strategy to increase the efficacy
of ERT. In addition, these results greatly expand the possible
clinical applications of chaperones and suggest a change in the
use of these molecules. A synergistic effect of these treatments
may be particularly useful in patients responding poorly to
therapy and in tissues in which sufficient enzyme levels are
difficult to obtain. On the other hand, these data indicate new
avenues of investigation. It is urgent to clarify the mechanisms
underlying the effect of chaperones on wild-type enzymes and
address questions as to where do chaperones and enzymes
come in contact and why do they confer stability to already
properly folded proteins.

The idea of combination protocols in LSDs has also been
proposed for ERT and SRT. This strategy was used for Gaucher
disease,toobtain therapeuticeffectsintissuesand organs (such as
bone and cartilage) unresponsive to ERT alone, or in the brain in
the neuronopathic forms of the disease (Cox-Brinkman et al,
2008).

Further advances may be derived from the improved
knowledge on the cellular mechanisms regulating protein
homeostasis (Powers et al, 2009). Protein homeostasis
(proteostasis) is maintained by a network of pathways
controlling protein synthesis, folding, trafficking, aggregation,
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disaggregation and degradation. These complex tasks are
performed through a number of mechanisms, including those
involved in the regulation of ER Ca®" concentration, the
unfolded protein response (UPR) and the heat-shock response
(HSR). Chemical agents targeting these pathways (so called
proteostasis regulators) can increase their ability to cope with
the synthesis of misfolding-prone proteins. These drugs would
therefore represent an additional way to improve protein
folding. The concept of the use of chemical approaches to
ameliorate protein folding was illustrated by a study on two
LSDs; Gaucher disease, due to GBA deficiency, and Tay-Sachs
disease, due to the lack of B-hexosaminidase (Mu et al, 2008b).
Two proteostasis regulators (celastrol and salubrinal) were used
in patient-derived fibroblasts and resulted in improved activity
of the defective enzymes. Enzyme activity was further increased
by co-administering a GBA chaperone, even for the L444P
variant, associated with the neuronopathic Gaucher phenotypes
that cannot be rescued by chaperones alone.

Manipulation of intracellular Ca** levels has also been
explored as a strategy to improve protein folding. Inhibitors of
Ca*" channels, such as diltiazem and verapamil, by increasing
ER calcium concentrations and activity of Ca®-dependent
endogenous molecular chaperones, were able to partially
restore lysosomal enzyme folding, trafficking and activity in
three distinct LSDs: Gaucher disease, Mannosidosis and
mucopolysaccharidosis IIIA (Mu et al, 2008a).

These studies are particularly attractive as the drugs used in
both cases are not enzyme-specific and, in principle, a single
molecule can be used for the treatment of multiple diseases. As
proteostasis regulators are aimed at increasing the pool of
mutant proteins available for chaperone binding, therapeutic
protocol-based proteostasis regulators and PCT may act
synergistically.

Conclusion and future developments

A substantial amount of novel and promising data support the
potential of pharmacological chaperones as therapeutic agents
in LSDs.

Future efforts should be directed towards the identification of
new chaperones for additional LSDs and the identification of
‘second-generation’ molecules with a good safety profile and
better enhancing properties and intracellular distribution. An
ideal compound should have weaker inhibitory effects and
higher enhancing activity (Wang et al, 2009). Novel chaperone
molecules should not only be advantageous in terms of
improved enhancing profile, but may also increase the rate of
responsive mutations by assisting the folding of enzymes with
mutations in domains other than the catalytic site. The number
of chaperone molecules will likely increase in the next few
years: studies with high-throughput screenings represent an
efficient way of identifying new compounds for new diseases
(Urban et al, 2008; Zheng et al, 2007).

Further developments in the use of chaperones are in
the horizon, based on the combination with other chemical
approaches to ameliorate protein folding (Mu et al, 2008b).
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The Gap

Different therapeutic options have been proposed or are already
approved for the treatment of an increasing number of LSDs.
Among those are ERT and PCT.

ERT is presently considered the standard of care for LSDs. It has
considerable success in the treatment or in ameliorating the
quality of life of patients with several of these diseases. However,
ERT has significant limitations in terms of tissue distribution of
therapeutic enzymes, impact on patients’ quality of life and high
costs.

PCT, a strategy that is emerging as an alternative therapy
for LSDs, appears advantageous when compared to ERT, as
the chaperones are better distributed in tissues, including the
brain and because therapy may be administered orally.

PCT, however, also has limitations. Of note, only patients
with responsive mutations will be amenable to this
therapy.

These approaches are aimed at modulating the degradation
machinery of cells, thus increasing the intracellular pool of
mutated enzyme that can be stabilized by chaperones.
Combining such approaches with chaperones is feasible and
likely to lead to further therapeutic improvements. The
limitations related to the restricted number of patients with
mutations responsive to EET may also be bypassed in the future
by using combination protocols with ERT. We trust that the
combination of the different therapeutic approaches discussed
in this review will prove more efficient in curing or alleviating
the many different pathological manifestations of LSDs.
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The Bridge

Recent studies suggest that new solutions to improve the efficacy
of treatments for LSDs may lie on the combination of distinct
therapies. The combination of ERT and PCT resulted in a synergistic
effect in Pompe and Fabry disease models, and may be helpful in
patients responding poorly to ERT and in tissues where corrective
levels of recombinant enzymes are difficult to obtain. These studies
greatlyexpand the use of pharmacological chaperonesand suggesta
change in the use of these drugs.

Further developments are in the horizon, based on other
chemical approaches to ameliorate protein folding. These
approaches target pathways maintaining the intracellular
protein homeostasis (proteostasis) and increasing the intracel-
lular pool of mutated enzyme available for chaperone binding.
Combining such approaches with chaperones will likely lead to
further therapeutic improvements and more efficient correction
of disease manifestations.
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