
Therapeutic approaches for lysosomal
storage diseases

Gregory M. Pastores

Abstract: The lysosomal storage disorders (LSDs) comprise a heterogeneous group of inborn
errors of metabolism characterized by tissue substrate deposits, most often caused by a
deficiency of the enzyme normally responsible for catabolism of various byproducts of cellular
turnover. Individual entities are typified by involvement of multiple body organs, in a pattern
reflecting the sites of substrate storage. It is increasingly recognized that one or more
processes, such as aberrant inflammation, dysregulation of apoptosis and/or defects of
autophagy, may mediate organ dysfunction or failure. Several therapeutic options for various
LSDs have been introduced, including hematopoietic stem cell transplantation, enzyme
replacement therapy and substrate reduction therapy. Additional strategies are being explored,
including the use of pharmacological chaperones and gene therapy. Most LSDs include
a variant characterized by primary central nervous system (CNS) involvement. At present,
therapy of the CNS manifestations remains a major challenge because of the inability to deliver
therapeutic agents across the intact blood�brain barrier. With improved understanding of
underlying disease mechanisms, additional therapeutic options may be developed, comple-
mented by various strategies to deliver the therapeutic agent(s) to recalcitrant sites of
pathology such as brain, bones and lungs.

Keywords: enzyme replacement therapy, gene therapy, lysosomal storage disease,
pharmacologic chaperone, substrate reduction therapy

Introduction
Knowledge of lysosomal storage disorders

(LSDs) has evolved, from recognition of the clin-

ical manifestations suggestive of a storage disease

to characterization of the biochemical and subse-

quently molecular basis. In parallel, the manage-

ment of affected individuals has advanced, from

symptomatic or palliative care to disease-specific

treatments that lead to substantial clearance of

tissue deposits and amelioration of disease.

Several recent reviews provide descriptions of

the phenotype associated with individual LSDs

and the various methods of diagnostic confirma-

tion [Jardim et al. 2010; Hopwood and Ebner,

2009]. In the current review we focus on aspects

relating to therapeutic strategies.

The pathologic hallmark of LSDs is the presence

of membrane-enclosed tissue deposits, derived

from the accumulation within the lysosome of

several byproducts of cellular turnover that are

not completely metabolized. The most common

cause is a deficiency of the enzyme normally

responsible for substrate catabolism; although in

some cases, lysosomal storage may develop

because of a deficiency of a cofactor required

for substrate hydrolysis, or defective trans-mem-

brane protein involved with facilitating substrate

transport out of the lysosome [Parkinson-

Lawrence et al. 2010].

Deficient enzyme activity may arise as a conse-

quence of mutations in the cognate gene, which

results in either the complete obliteration of or

significant reduction in protein activity. In the

first instance, affected individuals tend to have

earlier onset of symptoms and a disease charac-

terized by a rapidly progressive course, often with

primary central nervous system (CNS) involve-

ment. In patients who exhibit residual enzyme

activity, clinical manifestations may not be appar-

ent until later in life. The latter situation partly

explains the delay in diagnosis that is often seen

in clinical practice, particularly among those

without a positive family history and in cases

wherein disease expression may be atypical.
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Several therapeutic strategies have been intro-

duced or proposed for distinct LSDs (Table 1).

Essentially, the primary aim of treatment is the

preservation or restoration of organ function,

which can be achieved by preventing or reducing

tissue substrate build up. Clinically proven

approaches include the restoration of intracellu-

lar activity through crosscorrection, by trans-

planting healthy donor cells or infusion of the

relevant exogenous enzyme, and by substrate

synthesis inhibition. Investigational options

include the use of pharmacologic chaperones

and gene therapy. In this regard, animal models

of disease have been invaluable in establishing a

preclinical proof of concept [Haskins, 2007].

Cellular transplantation
Earlier, it had been shown that coculture of

affected and healthy skin fibroblasts resulted in

the clearance of lysosomal storage in the

enzyme-deficient cells [Fratantoni et al. 1968].

The latter phenomenon of metabolic crosscorrec-

tion was subsequently attributed to the release of

the relevant enzyme from healthy cells and its

uptake by affected cells; this observation eventu-

ally led to recognition of the pathways involved

with internalization of the enzyme. Ultimately,

these studies provided the rationale for bone

marrow transplantation, and subsequently the

use of cord blood stem cell transplantation

(HSCT) for several LSDs. To achieve maximal

enzyme activity following HSCT, donor cells are

preferably obtained from healthy noncarrier

individuals.

Allogeneic HSCT has been undertaken in

patients with various types of LSDs, but cur-

rently performed primarily for those with

Krabbe disease (globoid cell leukodystrophy)

and mucopolysaccharidosis type I (MPS IH;

Hurler disease) [Prasad and Kurtzberg 2010a;

Malm et al. 2008; Orchard et al. 2007]. Krabbe

(b-galactocerebrosidase deficiency) and Hurler

(a-L-iduronidase deficiency) disease are LSDs

associated with primary CNS involvement. For

these conditions, the benefits of HSCT result

from donor-derived macrophages and microglia

that populate the brain and lead to correction of

the enzyme deficiency within neurons and glia

[Krivit et al. 1995]. Beneficial effects may also

accrue from changes in the cellular microenvi-

ronment leading to immune modulation and

the mitigation of inflammation [Wada et al.

2000]. HSCT may also mediate nonhematopoie-

tic cell regeneration or repair. HSCT has also

been undertaken in patients with Hunter (iduro-

nate-2-sulfatase) and Sanfilippo syndrome with-

out clear-cut benefit; the basis for these

Table 1. Therapeutic approaches for lysosomal storage disorders (LSDs).

Therapeutic option Candidate diseases

1. Bone marrow or umbilical cord blood
transplantation

� Hurler (MPS IH), Maroteaux-Lamy (MPS VI), globoid-cell
leukodystrophy (Krabbe disease), metachromatic leuko-
dystrophy (MLD), a-mannosidosis

2. Enzyme replacement therapy � Gaucher disease (GD), Fabry disease (FD), Hurler�Scheie
(MPS I), Hunter (MPS II) syndrome, Maroteaux�Lamy
(MPS VI), Pompe disease (GSD II). Investigational: recom-
binant acid and sphingomyelinase (Niemann�Pick B)

3. Substrate reduction therapy � Approved for GD, Niemann�Pick type C (miglustat);
Investigational for FD, late-onset GM2-gangliosidosis
(LOTS), Sandhoff disease. Investigational drugs: eliglu-
stat (GD) and genistein (MPS)

4. Substrate depletion therapy � Cystinosis

5. Substrate modulation (optimization)
therapy*

� MPS disorders

6. Chaperone-mediated enzyme
enhancement*

� GD, FD and GSD II

7. Premature stop codon read through* � MPS I

8. Gene therapy* � Almost all LSDs, mainly mouse models, except for GD
wherein early human trials were done

9. Antisense splicing modulation therapy* � Niemann�Pick C

*Approaches for which there is no agent which has gained regulatory approval.
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observations is unclear [Lau et al. 2010; Araya

et al. 2009].

Procedural morbidity and mortality risks associ-

ated with HSCT have limited its general applica-

tion. Engraftment and survival rates range from

63% to 90%. Also, outcome among survivors

may be partial, and influenced by pre-existing

pathology or disease stage at the time of

the transplant. For instance, after HSCT a

significant proportion of children with MPS IH

still exhibit short stature and about a third have

thyroid disease [Prasad and Kurtzberg, 2008].

It is hoped that the introduction of newborn

screening for treatable LSD may facilitate the

introduction of early intervention, although it

may be that there are intrinsic limitations to

HSCT attributable to disease processes that are

not sufficiently addressed by metabolic crosscor-

rection and/or immune modulation.

Advances in HSCT, particularly those aimed at

reducing graft versus host disease, may lead to a

reduction in procedure-related risks [Prasad and

Kurtzberg, 2010b]. In addition, the potential to

manipulate donor cells to enable overexpression

of the cognate enzyme or increase the number of

donor cells is being explored [Miyake et al. 2010;

Wang et al. 2009].

Enzyme replacement therapy
Enzyme replacement therapy (ERT) has proved

to be the most successful approach to treat

patients with LSDs, particularly in the case of

Gaucher disease (GD), although ERT has not

been able to prevent or reverse complications

related to primary CNS involvement in the neu-

ropathic subtypes (i.e. types 2 and 3 GD)

[Schiffmann et al. 1997].

Intravenous ERT has been given to patients with

GD, Fabry disease, Pompe disease and MPS I, II

and VI with resultant improvements (Table 2),

although, in some cases, one encounters amelio-

ration or stabilization rather than reversal of the

disease process [van der Ploeg et al. 2010; Mehta

et al. 2009]. For instance, patients with Fabry

disease who have severely impaired renal function

and cardiac hypertrophy experience further dete-

rioration on ERT, although there may be modifi-

cation of the temporal course [Caballero et al.

2010]. In the MPS disorders, growth continues

to be significantly stunted in most patients, even

when therapy is started prior to puberty. These

observations may reflect delay in diagnosis and

the institution of therapy when disease stage has

advanced. It is also possible that involvement of

multiple cells types, including those with limited

regenerative capacity, may represent an extra

hurdle. In addition, there may be mechanisms

of disease that may not be fully reversible or con-

trolled by efforts such as ERT, which is directed

solely at substrate clearance [Bellettato and

Scarpa, 2010].

ERT has also been used in MPS I patients prior

to and during HSCT, and it appears to reduce

Table 2. Enzyme replacement therapy.

Disease Enzyme Therapeutic responses

1. Gaucher � b-glucosidase � Improved blood counts, reduction of liver and spleen
volume, improved bone density at the lumbar spine

2. Fabry � a-galactosidase A � Partially mitigates neuropathic pain and gastrointes-
tinal discomfort, modifies course of renal disease in
mild to moderately CKD, reduces left ventricular
hypertrophy; does not appear to significantly alter
incidence of stroke

3. MPS disorders � Reduced urinary GAG excretion; reduced liver and
spleen volume, improvement in FVC, increased dis-
tance travelled in time walk

� Type I � a-L-iduronidase
� Type II � Iduronate-2-sulfatase
� Type VI � Arylsufatase B

4. Pompe � a-glucosidase � Resolution of cardiomyopathy (infantile-onset cases);
stabilization or improvement in muscle strength;
respiratory improvement

CKD, chronic kidney disease; GAG, glycosaminoglycans; FVC, forced vital capacity.

GM Pastores

http://tae.sagepub.com 179



respiratory complications after transplantation

[Tolar et al. 2008].

ERT is generally well tolerated, although some

patients have experienced fever, rigors, chills

and urticaria. These adverse events which may

develop during the infusion can be readily miti-

gated by slowing the rate of infusion and the

administration of premedications, such as anti-

histamines and steroids. However, anaphylactic

episodes have been described, and close monitor-

ing of patients on ERT is thus warranted, parti-

cularly prior to transition to home infusion.

Antibodies have formed in a proportion of

ERT-treated patients, although there is uncer-

tainty regarding their influence on therapeutic

outcome [Starzyk et al. 2007; Linthorst et al.

2004]. It appears a majority of the antibodies

formed against the recombinant enzymes are

nonneutralizing, although a fraction of antibodies

that have been detected either neutralize enzyme

activity or inhibit its tissue uptake. The latter sit-

uation is dramatically evident in infantile cases of

Pompe disease, wherein survival among treated

patients with null mutations is not significantly

effected by ERT [Kishnani et al. 2010]. It has

been suggested immunomodulation may limit

the adverse effects of antibody formation,

although the long-term safety of this approach

and resultant benefit remain to be established

[Sun et al. 2007].

In practical terms, ERT requires a commitment

to regular intravenous infusion of the recombi-

nant product and manufacturing costs are likely

significantly higher when compared with the pro-

duction of small molecule chemical drugs.

Moreover, the benefits derived from intravenous

ERT have primarily been confined to systemic

(i.e. extraneurologic) organs. This observation

is likely because only small amounts of intrave-

nous proteins can cross the blood�brain barrier

(BBB) by transcytosis. Thus, investigations are

actively pursuing various strategies for directly

delivering the enzyme into the cerebrospinal

fluid or brain parenchyma, or modifying the

recombinant protein so that it can be readily

taken across the BBB [Hemsley et al. 2009].

Direct injection into the CNS of the recombinant

enzyme has been attempted in animal models of

MPS I and IIIA and has led to improvements

[Dickson et al. 2007; Savas et al. 2004]. The

potential safety and efficacy of this approach in

human patients is being actively explored

[Munoz-Rojas et al. 2008]. Attempts to modify

the cognate protein to enhance its uptake across

the BBB have included the fusion of the gene for

glucocerebrosidase (enzyme deficient in GD)

with apolipoprotein B (ApoB), and intravascular

delivery with a lentiviral vector. The resultant

protein product was secreted from transduced

cells and shown to be taken up via ApoB recep-

tors on the BBB [Spencer and Verma, 2007]. In

separate experiments involving the mouse model

of MPS VII, inactivation of the exposed carbohy-

drate recognition markers by sodium metaperio-

date/sodium borohydride led to effective

deglycosylation of b-glucoronidase and greater

brain uptake compared with unmodified

enzyme; as a consequence there was marked

reduction of neuronal storage [Grubb et al.

2008].

Small-molecule-based therapies
Several small molecules have been identified

which exhibit properties that make them suitable

as prospective treatment options for LSDs; these

advantages include an oral route of administra-

tion, wide volume of distribution and access to

potentially sequestered sites (e.g. across the BBB)

and the absence of antibody formation to the

drug (which in some cases reduces the benefit

derived from enzyme replacement) and the

need for immunomodulation (e.g. in the case of

HSCT). Obviously, the safety and efficacy of

these drugs will need to be closely monitored in

light of the chronic exposure that will be neces-

sary to maintain disease control. In particular,

drugs that are internally processed may compete

with the metabolism of other medications the

patient may be on, or exhibit interactions with

other agents or physiologic processes that can

be potentially deleterious. In addition, nonspeci-

ficity of drug action may involve off-target effects

and raise additional concern about its safety.

With certain investigational approaches, a strat-

egy will need to be developed to screen patients

with particular mutations that may be corrected

by a premature stop codon read-through option

or whose misfolded protein product may be res-

cued by pharmacologic chaperones (explained in

the following). Ultimately, in vitro screening strat-

egies to identify potentially responsive patients

must be correlated with in vivo effects that are

predictive of positive clinical outcomes.

Substrate reduction therapy
Substrate reduction therapy (SRT) is designed to

partially reduce the synthesis of the substrate or
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its precursor, to approximate the residual degrad-

able capacity of the mutant enzyme and thereby

strike a metabolic balance within the cell [Platt

and Jeyakumar, 2008]. This approach was ini-

tially demonstrated to result in clinical benefit

in patients with type 1 GD given miglustat, an

iminosugar which inhibits the activity of glucosy-

ceramide synthase [Pastores et al. 2005; Cox et al.

2000]. Miglustat’s mechanism of action, by lim-

iting precursor synthesis, reduces not only gluco-

cerebroside accumulation but also the buildup of

GM2 ganglioside (i.e. the offending lipid in

Tay�Sachs disease [TSD], Sandhoff disease and

Niemann�Pick type C [NPC]). In patients with

NPC, improved supranuclear gaze palsy and

swallowing has been observed following miglustat

treatment [Patterson et al. 2007]. Unfortunately,

the use of miglustat in patients with TSD has not

been shown to significantly alter disease course in

infantile and late onset cases [Maegawa et al.

2009; Shapiro et al. 2009]. In patients with

Sanhoff disease, there are indications of potential

benefit, although this is a matter which requires

further investigation [Tallaksen and Berg, 2009;

Wortmann et al. 2009].

Miglustat has been used as a maintenance ther-

apy in selected patients, and a significant number

of patients with type 1 GD were switched to this

drug following the shortage of imiglucerase

[Giraldo et al. 2009]. A trial of miglustat in

patients with type 3 GD on ERT did not conclu-

sively show combination therapy (i.e. miglustat

and ERT) to provide additional benefits

[Schiffmann et al. 2008].

Side effects reported with the use of miglustat

include gastrointestinal (GI) problems (mainly

diarrhea in 80% of patients particularly during

the initial exposure to treatment), tremor, and

peripheral neuropathy [Hollak et al. 2009]. The

diarrhea probably results from miglustat’s inhibi-

tion of other glucosidases in the gut; these prob-

lems tend to diminish with ongoing therapy and

respond well to a low-carbohydrate diet.

A second SRT formulation, eliglustat, has been

shown to achieve therapeutic outcomes in treated

type 1 GD patients that are comparable to ERT

[Lukina et al. 2010]. Barring any long-term safety

consideration, eliglustat could potentially be con-

sidered as an initial therapeutic option, or main-

tenance therapy in GD patients after disease

stability has been achieved with ERT. GI side

effects were infrequently reported in study

patients on eliglustat, although 4/26 patients

had a nonsustained ventricular tachycardia

[Lukina et al. 2010]. The relationship of the

latter problem to study drug is being further

examined in ongoing trials. Eliglustat is predom-

inately metabolized by CYP450 2D6 (CYP2D6)

and to lesser extent by CYP450 3A4 (CYP3A4);

its full spectrum of potential drug interactions

remains to be established. Unfortunately, eliglu-

stat is a substrate of the drug transporter

p-glycoprotein; as such, there is rapid drug

efflux out of CSF into the systemic circulation,

preventing sufficient drug buildup within the

CNS. Thus, eliglustat is unlikely to alter course

in patients with the neuronopathic forms of GD.

However, modifications to the drug or its conge-

ners may lead to better retention within the CSF

and greater uptake by brain parenchyma and a

corresponding positive result, but outcomes

would need to be demonstrated in clinical trials.

For the MPS disorders, genistein, a component

of soy extract, has been shown to reduce the

accumulation of glycosaminoglycans (GAG) in

human MPS I, II, IIIA and IIIB fibroblasts

[Piotrowska et al. 2006]. Interestingly, these find-

ings are achieved not by directly inhibiting GAG

synthesis but through modulation of epidermal

growth factor (EGF) which is involved with max-

imizing GAG synthesis. This approach is proba-

bly best described as substrate modulation

therapy; a term also appropriate for approaches

to modify GAGs into a form that allows its deg-

radation by intact pathways to which it is diverted

through the use of glycan inhibitors [Brown et al.

2007].

In an open-label study of 10 MPS patients given

genistein for 12 months, there was a significant

reduction in heparan sulfate levels in urine and

improvements of hair morphology and in cogni-

tive function [Jakóbkiewicz-Banecka et al. 2009].

No adverse reactions were observed. Additional

studies are underway, to ascertain its safety and

efficacy in patients with MPS III.

Substrate depletion therapy
In cystinosis, there is a defect of cysteine egress

out of the lysosome, caused by mutations in the

transmembrane transport protein cystinosin. The

oral administration of an aminothiol cysteamine

promotes the lowering of cystine content in lyso-

somes of patients with cystinosis. Cysteamine

promotes an intralysosomal disulfide interchange

and the formation of a conjugated form of
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cysteine which is able to leave the lysosome via

other transporters. Treated patients show main-

tenance of renal function and improved growth

[Kleta and Gahl, 2004]. In addition, cysteamine

eyedrops help to dissolve the corneal crystals that

can develop in these individuals, including post-

kidney transplant cases.

Chemical-chaperone enzyme
enhancement therapy
The use of pharmacological chaperones has been

proposed as an alternative therapeutic approach

for certain LSDs, based on a demonstration that

particular agents acting as active site inhibitors

can serve as a template to promote the refolding

and correct trafficking of mutant proteins [Fan

and Ishii, 2007]. As protein rescue may only

occur in certain cases (e.g. missense mutations

that do not lead to a major loss or destruction

of the enzyme or inactivate the catalytic site),

disease-specific treatments would be limited to

a subset of patients and not the entire spectrum

of enzyme deficient patients (such as those with

null alleles or mutations leading to premature

protein truncation).

Pharmacologic chaperones appear to work best

in the presence of residual enzyme activity. As

these are patients who may follow an atypical

course of disease, it will be necessary to identify

the subgroup of patients most likely to show

disease progression and the appropriate time to

introduce the treatment in these cases. This is a

practical issue, not currently fully addressed by

information regarding patient genotype or the

monitoring of biomarkers. There is also uncer-

tainty regarding the predictive value of in vitro

screening tests. Furthermore, certain pharmaco-

logic chaperones have inhibitory properties,

which potentially complicate determination of

the right combination of dose and frequency of

drug administration to maximize enhancement of

enzymes activity. There may also be differences

in enzyme enhancement across cell types in indi-

vidual patients that could result in variable clini-

cal outcomes.

The safety and effectiveness of the use of phar-

macologic chaperones remain to be established

conclusively. Two formulations, isofagomine

and migalastat, are the subject of clinical trials

for GD and Fabry disease, respectively

[Lieberman et al. 2009]. For both drugs, the

rationale for advancing to human subjects was

established through proof of principle studies

in vitro using cells obtained from affected individ-

uals and in animal models of disease. Obviously,

it will be important to demonstrate that the use of

pharmacologic chaperones not only leads to

enhancement of enzyme activity, but also leads

to a corresponding substantial decrease in sub-

strate storage and ultimately clinical benefit.

Interestingly, studies in affected cells from

Pompe disease patients suggest the use of phar-

macologic chaperones may also improve uptake

and stability of exogenous enzymes, thereby pro-

viding potential justification for therapy in com-

bination with ERT [Porto et al. 2009].

Recently, it has been suggested that mutant pro-

teins may be rescued from premature degrada-

tion through enhancement of other factors

involved with promoting proper protein folding

within the endoplasmic reticulum (ER). For

instance, celastrol and MG 132 have been dem-

onstrated to partially restore enzyme activity in

cell lines obtained from patients with GD and

TSD [Mu et al. 2008]. Also, verapamil and dilti-

azem, which act as calcium antagonists, partially

restore lysosomal enzyme activity in cell lines

from patients with GD, MPS IIIA (Sanfilippo

syndrome) and mannosidosis [Ong et al. 2010].

Presumably, blocking calcium channels enhances

the proper folding of mutant enzyme by upregu-

lating a subset of molecular chaperones within

the ER. The latter process has been referred to

as proteostasis regulation, wherein protein rescue

is mediated indirectly by upregulating endoge-

nous chaperones rather than acting as a folding

template [Mu et al. 2008]. Thus, in contrast to

pharmacologic chaperones that are specific to

particular mutant enzymes in any given disease,

proteostasis regulators may serve a broad spec-

trum of disease: a highly desirable situation.

Premature stop codon read through
In several LSDs, the underlying defect is a pre-

mature stop codon mutation. Several drugs, such

as gentamicin, have been shown to selectively

target premature stop codons and modify the

tRNA recognition process, essentially enabling

the potential for read through and translation of

the encoded protein [Brooks et al. 2006; Hein

et al. 2004]. Obviously, putative agents will have

to be carefully selected to ensure that processes

involved with native stop codons of other genes

are not dysregulated.
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In severe MPS I (Hurler syndrome) the prema-

ture stop codons Q70X and W402X are two of

the most common a-L-iduronidase (IDUA) gene

mutations. In CHO-K1 cells expressing these

mutations, gentamicin enhanced stop codon

read through and restored a low level of IDUA

activity and reduced lysosomal GAG accumula-

tion [Hein et al. 2004; Keeling et al. 2001].

There are currently no clinical trials to evaluate

drugs that enable premature codon read through

in patients with LSDs, although there remains

great interest in exploring its potential role in

these cases.

Gene therapy
Gene therapy remains a promising treatment

approach for the LSDs. Although several

animal studies suggest therapeutic benefits,

application in human patients remains investiga-

tional. Several studies have been performed pri-

marily in mouse models of disease, and in most

cases with a viral-vector-mediated approach

involving systemic and/or direct injection into

CSF or brain parenchyma [Sands and Haskins,

2008]. Improvements have been observed in

animal models of MPS IIIA, IIIB and VII, infan-

tile neuronal ceroid lipofuscinosis (NCL),

Niemann�Pick disease, metachromatic leukodys-

trophy, and Krabbe disease injected with either a

lentiviral or an adeno-associated viral-vector and

the relevant cognate gene [Di Domenico et al.

2009; Cearley and Wolfe 2007; Fraldi et al.

2007; Kurai et al. 2007; Passini et al. 2007; Rafi

et al. 2005]. Meanwhile, there is growing interest

in demonstrating proof of principle in larger

animal models, such as sheep, cats and dogs

[Haskins, 2009]. It is hoped these latter studies

will help identify the hurdles that could be

encountered in studies involving human subjects.

A trial to examine the safety of gene therapy in

patients with late infantile NCL has been under-

taken, using direct injection of AAV2 containing

the CLN2 gene (encoding tripeptidyl-peptidase I)

[Worgall et al. 2008]. Brain MRI showed a

trend towards a lesser deterioration in atrophy

and cortical apparent diffusion coefficient in con-

trast to the progression in the 18 months prior to

the trial. The decline in the condition of the eight

treated subjects for whom data were available for

more than 6 months was shown to be signifi-

cantly slower than that in a number of

historical control groups.

Apart from the transduction of enzyme-deficient

cells, modification of donor cells used in trans-

plant may also enable overexpression of the cog-

nate enzyme and enhance the benefit derived

from HSCT alone. In studies involving the

mouse model of metachromatic leukodystrophy,

ex vivo gene transfer into hematopoietic cells led

to improved outcomes when compared with

transplant of unmodified cells [Biffi et al. 2004].

Antisense splicing modulation therapy
Certain mutations create novel splice sites,

resulting in an altered transcript and dysfunc-

tional protein product which is usually degraded

prematurely. Antisense oligonucleotides (AOs)

force the use of the natural splice sites, by mod-

ulating the splicing pattern through steric

hindrance of the recognition and binding of the

splicing apparatus to selected sequences [Du and

Gatti, 2009]. As a consequence, there is greater

recovery of normally spliced transcripts encoding

the functional protein. Studies to date have been

confined to experiments involving cells in culture

and have not advanced to preclinical (animal

model) trials.

In studies using cells from NPC patients, AO

treatment has been shown to reverse aberrant

splicing due to an intronic mutation (c.1554-

1009G>A located in intron 9) which causes an

inclusion of a pseudo-exon. The mutation in this

case generates a premature termination codon

and a transcript which is degraded by the non-

sense-mediated mRNA decay mechanism.

Normal splicing was restored in fibroblasts from

the patient by a specific antisense morpholino

oligonucleotide targeted to the cryptic splice site

[Rodriguez-Pascau et al. 2009].

Organ transplantation
In LSDs associated with failure of the kidneys

(e.g. Fabry disease, cystinosis), liver (GD) or

heart (Fabry disease), organ transplantation has

been undertaken as a life-shaving measure [Ayto

et al. 2010; Karras et al. 2008; Nesterova and

Gahl, 2008].

Although donor organs from living relatives or

cadavers express normal enzyme activity and

are spared from re-accumulation of substrate, it

is unlikely that sufficient amounts of the enzyme

are secreted or adequate microchimerism devel-

ops to effect clearance of the systemic disease

burden. As with HSCT, it is important to exclude

the possibility that the organ donor may be a
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carrier; in particular, one must avoid the transfer

of a presumed healthy kidney from a female

relative in a family segregating for Fabry disease

(an X-linked trait).

In selected cases, where there is potential to

improve quality of life and extend survival,

organ transplantation may be undertaken.

Obviously, one must take appropriate precau-

tions for increased risks related to the systemic

disease burden.

Adjunctive therapies
Increased understanding of downstream disease

mechanisms implicated in LSD pathology may

lead to identification of potential targets for ther-

apeutic intervention [Bellettato and Scarpa,

2010; Vitner et al. 2010]. Animal studies suggest

cellular changes develop prior to onset of disease

manifestations and, thus, there may be a critical

need for early diagnosis and intervention to opti-

mize clinical outcome [Hemsley and Hopwood,

2010]. However, pathology may be initiated

prenatally, in which case even newborn screening

to identify affected individuals may not be

adequate. Obviously, in the latter instance iden-

tification of families at risk may enable pre-

implantation genetic or prenatal diagnosis to

reduce recurrence risk. There is also potential

for treatment in utero that may alter prognosis,

although this remains to be demonstrated.

Aberrant inflammation has been described in

several LSDs including GM1-gangliosidosis,

GM2 gangliosidosis (Sandhoff disease) and

NPC [Jeyakumar et al. 2003]. In mouse models

of Sandhoff disease and NPC, nonsteroidal anti-

inflammatory agents reduced brain inflammation

and improved motor function and survival when

given alone or in combination with miglustat

[Jeyakumar et al. 2004, 1999]. Also, in the

mouse model for NPC the use of the c-Abl-

specific inhibitor imatinib resulted in improved

neurological symptoms [Alvarez et al. 2008].

Osteopenia has been described in GD, Fabry dis-

ease and Pompe disease [van den Berg et al.

2010; Germain et al. 2005; Pastores et al.

1996]. Anti-bone-resorbing agents, such as alen-

dronate, have been shown to improve bone den-

sity in GD patients receiving ERT [Wenstrup

et al. 2004]. Such drugs may also be useful in

reducing fracture risks in Fabry and Pompe

disease patients with severe osteopenia.

In Fabry disease, the use of angiotensin-convert-

ing enzyme inhibitors has been advocated in

patients with proteinuria [Ortiz et al. 2008;

Tahir et al. 2007]. In addition, antiplatelet aggre-

gating agents have been recommended to reduce

risk of developing stroke.

Thus, adjunctive therapies may be useful in com-

bination with available targeted treatments for

improved results, although it would be ideal for

controlled studies to be undertaken prior to gen-

eral implementation. Longitudinal follow up with

data collected through registry programs and

outcomes compared with a historical data set

may be acceptable, given the understandable dif-

ficulty of conducting trials in rare diseases and

ethical concerns about withholding treatments

that may be lead to added benefits.

Disease prevention
We should not overlook strategies aimed at dis-

ease prevention through carrier detection and

appropriate genetic counseling. In addition to

newborn screening programs to prevent recur-

rence, families at risk have the option of

pre-implantation genetic diagnosis and prenatal

diagnosis [Altarescu et al. 2010; Hwu et al.

2010]. The effectiveness of these programs has

been demonstrated for TSD in the Ashkenazi

Jewish community wherein the incidence of the

disorder has declined significantly [Kaback,

2001].

Conclusion
The field of LSDs is being rapidly transformed by

advances in our understanding of disease mech-

anisms and the introduction of various therapeu-

tic options. None of these approaches are

necessarily exclusive, but hold the promise of

introducing combination therapies to improve

clinical outcome. However, it will be critical to

initially demonstrate that singular strategies do

alter disease course. Obviously, clinical trials

will have to demonstrate that there is indeed

added benefit to be gained with a combination

approach. The latter is not a trivial issue, as cur-

rent and projected costs of care for patients with

LSDs are huge, and the conduct of trials can be

very expensive, given the rarity of these diseases.

Approaches, such as SRT and proteostatis regu-

lation, which may be potentially useful in a broad

spectrum of disorders, spreads the cost of devel-

opment, and may help to address concerns raised

by third-party payers. Meanwhile, significant in

roads have not been made in the management of
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primary CNS disease; primarily through support-

ive care which can improve the lives of affected

individuals and their families. One can be hopeful

that therapeutic strategies that can have an

impact on ultimate neurologic course will even-

tually be developed.
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