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Lysosomal Storage Diseases To date 

Björn Hoffmann, Ertan Mayatepek 

 

Introduction 

The availability of new therapeutic options and 

further development of treatment strategies have 

made Lysosomal Storage Diseases (LSDs) one of the 

most progressing group of diseases. As an example a 

decade ago patients with Fabry disease often had to 

be left without sufficient treatment after an already 

disappointing and frustrating odyssey until 

diagnosis. To date, the perspective for the majority 

of these patients has changed, and sufficient 

treatment for most aspects of Fabry disease has been 

reported. Similar reports are given for other LSDs. 

The term “Lysosomal Storage Diseases” may be 

misleading, since it may imply „storage‟ of 

substrates for future needs by a certain purpose. 

Indeed, this is not the case, and „storage‟ takes place 

by accident or more precise as a consequence of an 

inherited genetic defect. 

Lysosomes and Lysosomal Storage 

Lysosomes are cell organells containing some 50 

(mainly acid) hydrolases. They assure cellular 

digestion of biological macromolecules that assault 

during regular cell turnover. Lacking one of these 

hydrolases stops the degradation process leading to 

accumulation of the intermediate before the block. As 

a consequence of this „storage‟ the lysosomes bulge 

and the corresponding cells swell up. Most often, the 

accumulated substrates are toxic, the affected cells 

become unable to fulfil their designated function, and 

cease prematurely. Hence, the clinical 

symptomatology in most LSDs is fluid rather than 

solid. 

Abstract:  
New therapeutic options and progress of approved therapies have made Lysosomal Storage Diseases (LSDs) one of the most exciting group of 
diseases. This review aims to summarize current achievements in these particular disorders and to give an outlook towards possible future 
treatment options. Enzyme replacement therapy is the gold standard for Gaucher disease, Fabry disease, Mucopolysaccharidosis type I, II, and 
VI, and for Pompe disease. Besides this, substrate reduction has been approved for Gaucher disease and Niemann-Pick disease type C.  
However, clinical outcome in particular for neurologic affection in these disorders has been disappointing. In selected patients, bone marrow 
or stem cell transplantation may be beneficial. Whether or not, treatment with pharmaceutical chaperones may be able to improve in 
particular the neurologic outcome, remains open. Animal studies on gene therapy were promising, however, clinical application will need 
several years. 
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The purpose of this review is to summarize the 

achievements that have been made in the treatment of 

LSDs and to open the view towards possible future 

aspects of these diseases, and in particular future 

therapeutic options. 

Gaucher Disease 

Though rare, Gaucher disease (OMIM 230800) is the 

most common (1:57,000 newborns (1)) and probably 

best understood lysosomal storage disease. 

Deficiency of glucocerebrosidase is inherited in an 

autosomal-recessive trade (gene locus 1q21 (2)). The 

enzyme is typically found in cells of the monocyte-

macrophage system, such as osteoclasts, hepatic 

Kupffer cells, and white pulpa cells of the splen. 

Patients with enzyme deficiency in these cells and 

organs are affected by the visceral form of Gaucher 

disease. In addition, astrocytes belong to the 

monocyte-macrophage system, and patients with 

additional CNS-affection (approximately twice as 

rare as visceral affection only) may suffer either from 

acute or chronic neuronopathic Gaucher disease. The 

acute form shows a fatal course during the first year 

of life already. Patients with chronic neuronopathic 

Gaucher disease may develop all possible symptoms 

of the visceral form but may also present with 

horizontal supranuclear gaze palsy (3), abnormal 

auditory brain stem responses (4) and a markedly 

impaired mean intelligence quotient of 75 (5). 

Differentiation between these forms may be difficult, 

in particular in younger children that may not present 

with the full spectrum of the disease from beginning 

on. 

 

Current treatment 

Glucocerebrosidase was the first lysosomal enzyme 

that has been engineered for therapeutic use as 

enzyme replacement therapy (ERT). Initially, it was 

derived from human placental tissue (6), however, 

the need of high amounts of enzyme could only be 

met by production in biotechnical cell lines, such as 

Chinese hamster ovary (CHO-)cells (7). ERT with 

this enzyme preparation (Cerezyme®, Genzyme 

Corp., Cambridge, USA) has been documented to be 

safe and to reverse most symptoms of the visceral 

type of Gaucher disease (8). However, neuronopathic 

involvement may be less responsive and until to date 

the outcome is disappointing (9). 

Besides substitution of the missing enzyme which 

allows correct metabolism of the accumulated 

intermediate, substrate reduction therapy (SRT) has 

been developed (10). Due to its oral availability and 

its ability to pass the blood brain barrier, Miglustat 

(Zavesca®, Actelion Pharmaceutical Ltd., 

Switzerland) was thought to improve in particular 

neuronopathic Gaucher disease. However, reports 

regarding the efficacy of substrate reduction on 

neurologic symptoms have been controversial 

(11;12), though combination with ERT may yield 

synergetic effects (13). To date, Miglustate is the 

only oral therapeutic option for patients with Gaucher 

disease, and it is approved in particular for those 

patients where ERT is inappropriate. 

Outlook and open issues 

Besides production of glucocerebrosidase in CHO-

cells, a human cell line has been established. Results 

of a phase I/II open label, single centre study with 

ongoing extension were promising: haemoglobin, 

platelet counts, liver and spleen volume improved 

significantly, and there were no severe adverse events 

reported (14). Results of a phase-III-study are under 

analyses, and marketing approval is expected in the 

near future. 

 

In addition, a plant derived variant of 

glucocerebrosidase has been investigated in clinical 

studies, too (15), and a phase-III-study is currently 

ongoing. 

 

An alternative oral treatment may be Eliglustat 

tartrate (Genzyme Corp., MA, USA) which is 

functioning as an substrate reducer (16). A 

multinational, open-label,
 
single-arm Phase 2 study 

included 26 adults over one year, and mean 

hemoglobin level, platelet count,
 
spleen and liver 

volume as well as lumbar spine bone mineral density 

were improved. The overall drug safety was good, 

and further studies are ongoing. 

 

A novel treatment approach not only for LSDs may 

be chaperone therapy. Chaperones are small 

molecules which bind selectively to the target protein 

and support the correct three-dimensional folding of 

the protein. Chaperones may pass the blood brain 

barrier. Hence, it is expected that they may improve 

enzyme activity in particular in the brain. 

Isofagomine is an iminosugar that may be a 

chaperone in Gaucher disease (17), and a phase II 

study has been completed in late 2009 including 18 

patients. Results are currently under analyzes, and 

until to date it is open whether or not the use 
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isofagomine will improve neurological affection or 

prevent neurological deterioration. 

 

Fabry Disease 

Deficiency of alpha-galactosidase A is the cause of 

(Anderson-)Fabry disease which is characterized by 

the accumulation of globotriaosylceramid (Gb3). 

Albeit, Fabry disease is inherited in an X-linked 

trade, females may present with the whole panel of 

complaints like male patients (18;19). The reported 

incidence is between 1:3500 (20) and 1:40,000 (1). 

Symptoms include neuropathic pain, gastrointestinal 

symptoms with diarrhoea and/or constipation, 

cardiomyopathy and progressive kidney disease. In 

addition, angiokeratoma, corneal clouding and 

hearing impairment may be complaints (21). 

 

Current treatment 

Since 2001 the gold-standard for the treatment of 

Fabry disease is ERT, and the introduction of the two 

available enzyme preparations has changed the 

history of alpha-galactosidase A deficiency (22;23). 

Before that date, treatment was driven by the 

individual complaints, often insufficient, and some 

patients were regarded as psychosomatics because of 

their unresponsiveness to these measures which had 

no causal approach. The risen awareness for Fabry 

disease after the introduction of ERT and the 

improved knowledge of diagnostic procedures 

(residual enzyme activity for males, mutation 

analysis for females) has changed the course of the 

disease. Patients are now often diagnosed in 

childhood already, and standards for the diagnostic 

workup have been implemented. 

 

Numerous publications have proven the efficacy of 

ERT for cardiac manifestation (24-26), renal function 

(27;28), gastrointestinal complaints (29) and pain 

(30). In addition, affection of the ear (31;32), 

autonomic function of the skin (33) and health-

related quality of life (34) has been reported to be 

improved. These beneficial effects have also been 

demonstrated for female patients (35) and children 

(36;37). 

Outlook and open issues 

An ERT-preparation deriving from plant sources is 

currently under pre-clinical development (PRX-102, 

Protalix Biotherapeutics, Israel), and chaperone 

therapy for Fabry disease has passed phase II clinical 

studies. Preliminary results from these studies using 

migalastat hydrochloride (Amicus Therapeutics, NJ, 

USA) (38) suggest at least stabilisation of estimated 

glomerular filtration rate and a tendency towards 

improved proteinuria. However, complete analyzes of 

these trials as well as data from phase-III-studies are 

not yet available. 

 

Mucopolysaccharidoses type I, II, and VI (MPS I, 

II, and VI) 

Mucopolysaccharidoses (MPS) are a group of LSDs 

characterised by a common pattern of clinical 

symptoms. Children with MPS are usually normal at 

birth but in most cases develop symptoms before the 

age of 2 years. At the age of 10 years almost all 

patients with MPS-disorders exhibit symptoms 

(39;40), however, the definite course of the disease is 

unforeseeable. 
 

Characteristic symptoms include a coarse face with 

thickened nostrils, lips and earlobes, and an enlarged 

tongue. A short, stocky built stature with short neck 

and trunk completes the characteristic outer 

appearance. Skeletal deformities are subsumed as 

'dysostosis multiplex' and include hip dysplasia, 

prominent forehead, hook-shaped vertebrae, and 

shortened tubular bones. Cardiovascular, respiratory 

and gastrointestinal symptoms may be found as well 

as oral, dermatological, psychiatric and neurological 

complications are described. Life expectancy often is 

reduced, and the most common causes of death are 

airway obstruction and cardiac failure (40;41).  

Current treatment in MPS I 

Deficiency of iduronidase alpha is the cause for 

mucopolysaccharidosis (MPS) type I (OMIM # 

607014; frequency ~1:100,000). The severe form of 

MPS I (Hurler disease) has its onset early in life with 

developmental delay, frequent upper airway 

infections and the typical outer appearance of patients 

with MPS. In addition, psychomotor retardation and 

early death are consistently found, whereas in the less 

severe form (Scheie disease) patients may reach a 

normal height and may not suffer from cognitive 

impairment (40). Irregardless of the clinical course, 

ERT with recombinant α-L-iduronidase 

(Aldurazyme®, Genzyme Corp., MA, USA) has been 

regarded as the gold-standard for the treatment of 

MPS I since 2001. Its safety and efficacy on 

excretion of glykosaminoglycanes (GAGs), decrease 

of liver volume, predicted forced vital capacity, and 

walking distance during the 6-minute-walk-test have 
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been demonstrated (42). Moreover, improvements of 

sleep apnea, shoulder flexion and health-related 

quality of life have been reported (43). However, 

neurological symptoms and cognitive impairment 

seem to be less responsive to ERT (44;45). 

 

Facing the fact that ERT does not cure from MPS I, 

different transplantation approaches were used to 

improve outcome. Allogeneic bone marrow-

transplantation (46), hematopoetic stem cell 

transplantation (47), cord blood transplantation (48) 

and combinations of these measures with ERT (49) 

have shown beneficial effects.  

Current treatment in MPS II 

In 2007, ERT with idursulfase (Elaprase®, Shire Inc., 

USA) has been approved for the treatment of MPS II 

(Hunter disease, OMIM #309900; frequency ~ 

1:100,000). Safety and efficacy has been 

demonstrated and both, patients with and without 

neurological affection showed improvement of 

visceral organ involvement (50). Nevertheless, 

published post-marketing experiences are rare, and 

more information in particular on the long-term 

effects of ERT on neurological manifestations is 

needed. It is expected, that early initiation of ERT 

may be crucial to prevent neurological deterioration. 

Current treatment in MPS VI 

In May 2005 the FDA and in January 2006 the 

EMEA, respectively, approved recombinant human 

arylsulfatase B (Naglazyme®, Biomaring 

Pharmaceuticals, CA, USA) as ERT for the treatment 

of MPS VI (Maroteaux-Lamy-disease, OMIM 

#253200; frequency ~ 0.2:100,000) (51). Its long-

term benefits, in particular on endurance and 

pulmonary function, have been reported in the 

meanwhile (52;53). Moreover, ocular affection 

showed stabilisation in 6/7 patients with MPS VI 

during a mean follow-up period of 3.5 years ERT 

(54). Of note, institution of ERT with a few weeks of 

life already preserved joint mobility, cardiac valves 

as well as facial morphology in a boy compared to 

his more than 3 years older sibling (55).  

Long-term follow-up over a period of 12 years after 

bone marrow transplantation was reported in a patient 

with Maroteaux-Lamy-Syndrome, who had 

improvements in motor function, infection rate, 

snoring, vertigo and quality of life (56).  

Outlook and open issues in Mucopolysachharidosis 

type I, II, and VI 

Albeit, most patients welcomed the introduction of 

ERT for these disorders, regular treatment in 

hospitals and outpatient clinical settings is invasive 

for the patients and their families lifes. Often, 

patients have to cross long distances to their 

specialised treatment sites. ERT is given over several 

hours and afterwards they have to return to their 

home. 

Home treatment has been reported to be safe in 

patients with MPS II and MPS VI, respectively (57), 

and as much patients as possible should receive ERT 

at home, rather than in hospital. Hence, health care 

authorities are called on to support and finance this 

treatment option in all countries, and appropriate 

programs have to be established. 

However, all therapeutic strategies tried so far were 

unable to reverse mental retardation, or at least to 

convincingly improve cognitive function. The 

clinical experience of intrathecal application of ERT 

is limited to a single case in MPS I and another case 

in MPS VI, respectively (58;59). A prospective study 

on intrathecal administration of idursulfase for 

patients with MPS II is currently under way. Hence, 

it is open whether or not this measure will improve 

neurological affection in MPS disorders.  
 

In addition, skeletal changes in MPS-disorders seem 

to be unresponsive to any ERT as reported so far. 

However, lentiviral-mediated gene transfer was 

recently reported as effective in providing the 

deficient enzyme to joint tissues of patients with 

MPS VI (60). Moreover, animal studies evaluated the 

feasibility of gene therapy in MPS I mice (61), but 

these approaches need further investigation before 

clinical trials in human may be performed. 
 

Since there is no cure from MPS disorders in sight, 

and since ERT does not seem to impact on bone 

deformities in these disorders, supportive therapies 

including physiotherapy and orthopaedic treatment is 

of major importance. Apart from this, 

otolaryngologists, ophtalmologists, cardiologists, and 

hand- as well as neuro-surgeons may be involved, 

too, in the management of patients with MPS-

disorders. In cases of mental retardation, 

developmental regression or cognitive impairment 
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psychologists and social aid workers may also be 

needed. 

Pompe Disease (Glycogene Storage Disease Type 

II, GSD II) 

In Pompe disease (OMIM #232300, frequency ~ 

1:35,000) mutations of the GAA-gene lead to 

deficiency of acid alpha-glucosidase resulting in a 

chronic proximal myopathy. More than 200 different 

mutations have been described without any genotype-

phenotype correlation. Depending on the age at 

manifestation, an infantile, a juvenile and a late-onset 

form of the disease are separated from each other. 

Untreated patients with the infantile form of the 

disease usually show a fatal course. Residual enzyme 

activity typically is less than 1% of normal impacting 

on cardiac function, respiratory, skeletal muscles and 

liver function (62). In addition, disturbed myelination 

of the CNS is observed in patients with infantile 

Pompe disease (63). Late-onset Pompe disease is 

characterized by a less progressive but clinically 

remarkable muscle weakness and may also include 

respiratory muscles. 

Current treatment in Pompe disease 

In the past, two different enzyme preparations have 

been developed for the treatment of Pompe disease, 

one of which was purified from rabbit milk, the other 

was produced in a Chinese hamster ovary (CHO) cell 

line (64). The latter enzyme (Myozyme®, Genzyme 

Corp., MA, USA) received marketing approval in 

2006, the other formulation has never been approved. 

Before the institution of ERT survival in infantile 

Pompe disease at 12 months of age were 25.7% 

overall and 16.9% for ventilator-free survival (65). 

ERT has been reported to reverse cardiomyopathy 

and ECG-abnormalities (66). Moreover, compared 

with an untreated historical control group the risk of 

death for infantile patients under ERT was reduced 

by 95%, the risk of invasive ventilation or death by 

91%, and the risk of any type of ventilation or death 

by 87%, respectively (67). Therefore, newborn 

screening may be crucial to allow early diagnosis and 

timely onset of ERT in these children (68). Of note, 

ERT was also able to reverse brain abnormalities 

detected by cranial MRI (69). 

Apart from infantile patients, beneficial effects of 

ERT have also been reported for juvenile patients 

with GSD II (70). In contrast to this, effects in adults 

are impacting less on survival (71), a fact which may 

be also be attributed to the less severe natural history 

of the disease in adult patients. 

Since not all patients respond in the same way to 

ERT, attempts with higher dosage of enzyme were 

undertaken, however, the findings were controversial 

(72;73). 

Outlook and open issues in Pompe disease  

To overcome unresponsiveness to ERT in Pompe 

disease due to total lack of residual activity of acid 

alfa-glucosidase, an immune tolerance against the 

enzyme was induced in fibroblasts from affected 

patients by the use of adeno-associated virus-

mediated gene therapy (74). This therapeutic strategy 

may enhance the response to ERT in the future, but 

further clinical trials have to confirm safety and 

efficacy of this intervention N-butyldeoxynojirimycin 

was investigated in vitro together with ERT and this 

intervention was reported to be synergistic in Pompe 

disease fibroblasts (75). The pharmacological 

chaperone 1-deoxynojirimycin increased enzyme 

activity and protein levels in 16 different mutations 

of the GAA-gene (76). It is currently matter of 

clinical trials as a pharmacological chaperone for the 

treatment of Pompe disease. Results of this phase-I-

study are expected in the near future. Studies on gene 

therapy are in pre-clinical stages either using murine 

stem cells (77) or applied in human fibroblasts (78). 

Niemann-Pick disease Type C (NPC) 

Impaired trafficing and abnormal enrichment of 

cholesterol are the biochemical findings in Niemann-

Pick disease Type C (NPC; OMIM 257220; 

frequency ~0.5:100,000). Inherited in an autosomal-

recessive trade, NPC is characterized by 

accumulation of cholesterol and glycosphingolipids 

resulting in progressive loss of nervous system 

function by affecting the membranes of nerve cells. 

Since the age of onset of the disease is variable, 

either infants, older children, or adults may be 

affected. There is no known cure for NPC. 

 

Typically, first neurological symptoms occur in 

childhood and may include prolonged neonatal 

jaundice, splenomegaly, ataxia, dysmetria, dysarthria, 

vertical supranuclear gaze palsy and cognitive 

decline.  

Potential pathological processes include toxic effects 

of cholesterol or glycosphingolipid accumulation, 
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peroxisomal or mitochondrial dysfunction, 

inflammation or increased oxidative stress. 

Current treatment of Niemann-Pick disease type C 

Besides the improvements in Gaucher disease, 

Miglustat (Zavesca®) was found to be also beneficial 

in patients with NPC (79), and has been approved for 

the treatment of progressive neurological 

manifestations in NPC. Recently, long-term data 

reported stabilized neurological disease in affected 

children and adults after 12 and 24 months of 

treatment with miglustat (80;81). 

 

Outlook for the treatment of Niemann-Pick 

disease type C 

Currently, a randomized placebo-controlled study is 

under way to validate the effect of N-acetylcysteine 

(NAC) on a group of putative biomarkers in a 

therapeutic trial. Once taken up, NAC is converted to 

cysteine which than is converted glutathione. 

Glutathione is important for the cell especially with 

regard to oxidative stress which is believed to be 

increased in NPC. The hypothesis is, that by 

increasing glutathione levels oxidative stress may be 

reduced and cellular function may be stabilized or 

improved (http:/ /clinicaltrials. gov/ct2 /show/ NCT 

00975689). 

 

Other Lysosomal Storage Diseases 

ERT is matter of clinical trials (phase-II) for MPS IV 

A (Morquio disease). For MPS III A (Sanfilippo 

disease), Niemann-Pick disease type B, Krabbe 

disease and Metachromatic leukodystrophy pre-

clinical trials are under way. However, approval of 

defined drugs will take several years for these 

disorders. 

Overall aspects of new treatments in LSDs 

ERT in all these rare disease is cost-intense, and 

reimbursement decisions vary geographically. 

Criteria against or for ERT often appear arbitrarily, 

rather than rational decisions on the basis of medical 

findings, biochemical or clinical parameters. 

Schlander and Beck suggested that decisions for 

inclusion or exclusion of patients for treatment with 

ERT should be based on careful individual 

assessment (82). Moreover, expected short- and long-

term benefits should be defined in order to prevent 

patients and affected families from over-optimistic 

expectations. 
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