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1.1            Introduction 

 Lysosomal storage diseases (LSDs) comprise a group of more than 50 distinct 
inherited metabolic diseases, each of which is caused by a specifi c defi cient func-
tion of a lysosomal enzyme or transporter or by defects in lysosomal biogenesis or 
vesicular traffi cking. 

 Since the discovery of the lysosome as a cellular organelle in 1955, enormous 
advances have been made in the understanding of the complex lysosomal biology. 
This knowledge led to the fi rst pioneering studies on treatment of LSDs, by Hobbs 
and colleagues using bone-marrow transplantation in a patient with Hurler’s disease 
[ 1 ] and by Brady and co-workers on intravenous enzyme supplementation in 
patients with non-neuronopathic Gaucher disease [ 2 ]. 

 In this chapter a concise overview of the history of lysosomal storage diseases, 
lysosomal biology, lysosomal storage diseases and current and future therapies is 
presented.  

1.2     History 

 In 1955, the Belgium biochemist Christian de Duve described a new intracellular 
compartment which he later called the “lysosome” (Greek:  lysis  = to split; 
 somos  = body) [ 3 ,  4 ]. De Duve was awarded the Nobel Prize in Physiology and 
Medicine for his work in 1974. 
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 The fi rst description of a disease that was recognized as an LSD only much later 
is Gaucher disease. Philippe Gaucher was a French medical student who, in 1882, 
reported a patient with an enlarged spleen [ 5 ]. Microscopic studies revealed abnor-
mal cells which were later called “Gaucher cells”. In 1924, a German medical doc-
tor succeeded in isolating a special fatty substance from the spleen of patients with 
this disorder, which was already named “Gaucher disease”. Ten years later addi-
tional studies showed that this fatty substance was a glucocerebroside, a component 
of the plasma membrane of the red and white blood cells. 

 A signifi cant number of other diseases of which it later became clear that they 
were all to be classifi ed as LSDs, were already described at the end of the nineteenth 
and the beginning of the twentieth century. For instance, Fabry disease was reported 
for the fi rst time independently by two dermatologists, Johannes Fabry from 
Germany and William Anderson from the UK [ 6 ,  7 ]. The British army doctor C.A. 
Hunter reported the fi rst cases of what later became known as Hunter disease 
(mucopolysaccharidosis type II) in 1917 [ 8 ] and in 1919 the German paediatrician 
Gertrud Hurler reported the fi rst cases of patients with the disorder later known as 
Hurler’s disease (mucopolysaccharidosis type I) [ 9 ]. 

 The mechanism of lysosomal storage diseases was fi rst discovered in 1963 in 
Pompe disease. This disease was reported for the fi rst time by the Dutch pathologist 
J.C. Pompe in 1932 in a 7-month-old infant who had died from cardiac hypertrophy 
[ 10 ]. Dr Pompe discovered that this disease involved accumulation of large quantities 
of glycogen in almost all studied tissues. He called the disease “cardiomegalia glyco-
genica diffusa”. Gerty Cori, who, together with her husband Carl Ferdinand Cori, had 
received the Nobel Prize in Physiology or Medicine in 1947 for their work on glyco-
gen degradation, recognized in 1954 that Pompe disease involved abnormal glycogen 
degradation and classifi ed Pompe disease as “glycogen storage disease type 2” [ 11 ]. 
It was the Belgian biochemist Henri-Géry Hers, a former colleague of de Duve, who 
fi nally discovered that the glycogen storage in patients with Pompe disease was 
caused by a defi ciency of the lysosomal enzyme acid-alpha-glucosidase [ 12 ]. His 
discovery of an inherited defi ciency of a lysosomal enzyme as the cause of a disease 
thus marks the development of the concept of LSDs and the start of many new dis-
coveries relating clinical diseases to dysfunction of the lysosomal machinery.  

1.3     Lysosomal Biology 

 The lysosome is a membrane enclosed organelle, containing many unique hydro-
lytic enzymes, including proteases, nucleases, glycosidases, phosphatases, sulpha-
tases, lipases and phospholipases. In addition, numerous lysosomal transmembrane 
proteins are recognized and involved in the complex lysosomal biology. Together 
they transport a large number of biological molecules and hydrolases degrade pro-
teins, nucleic acids, phospholipids and oligosaccharides. These macromolecules 
can be derived from intracellular material, such as “worn out” organelles or from 
extracellular material transported to the lysosome after endocytosis or 
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phagocytosis. The lysosomal enzymes are optimally active in an acidic environment 
with a pH of about 4.5–5. The low pH optimum of the hydrolases compared to the 
average cytosolic pH of 7.2 requires a gradient over the unique lysosomal mem-
brane. This gradient is maintained by an ATP-driven H + -pump, pumping H +  ions 
into the lysosome. While this V-type ATPase pump uses the energy derived from 
converting ATP to ADP, the H +  gradient thus created also serves as a source of 
energy for transport of small metabolites across the membrane. 

 Both the encapsulating membrane and the pH gradient protect the cell from the 
multiple degradation effects of lysosomal enzymes. Naturally, the digestive enzymes 
themselves also need to be protected from digestion. For the membrane bound pro-
teins, like transporters, this is realized through an unusual high glycosylation. These 
sugars form a protective layer keeping the lysosomal proteases from the proteins [ 13 ]. 

 The substrates for the lysosomal machinery can reach the lysosome in three 
ways. Through endocytosis, the cell takes up macromolecules from the extracellular 
fl uid. This way, early endosomes are formed where a selection takes place in the 
products that should be broken down and those that can be recycled without a full 
degradation. By sorting the macromolecules and receiving newly formed hydro-
lases from the Golgi apparatus a late endosome is formed, where hydrolytic diges-
tion begins. Through fusion with existing lysosomes, the pH drops and digestion is 
facilitated more readily. Once the slowly digestible residues are left over, the organ-
elle most resembles the classic lysosome; compact and dense. 

 A second pathway for degradation is called autophagy. In this process the cell 
forms a double membrane around an obsolete intracellular structure or organelle. 
Once a closed sack is formed, it fuses with a lysosome and digestion starts. In a state 
of low extracellular nutrient supply such as starvation, autophagy can provide the 
cell with metabolites needed for survival. 

 Some specialized cells have the ability to form phagosomes. This way, a cell is 
able to take up large particles and microorganisms. The processing of the phago-
somal contents is similar to that of the autophagosome [ 14 ]. 

 The lysosomal hydrolases and membrane proteins are composed and folded in 
the endoplasmatic reticulum. They are subsequently transported to late endosomes 
through the Golgi apparatus and especially the  trans -Golgi-network (TGN). In the 
TGN the proteins are selected for their specifi c destination. The lysosomal hydro-
lases are recognized because they carry specifi c mannose-6-phosphate (M6P) mark-
ers, which are added in the Golgi network to the N-linked oligosaccharides of these 
enzymes. In the TGN, transmembrane M6P-receptors recognize and bind the 
fl agged enzymes. While binding takes place at a pH of around 6.7, the receptor 
releases the oligosaccharide at a lower pH of around 6. On average, this is the pH in 
late endosomes. This leads to a gradual release of the enzymes as the environment 
gets more acidic in the process of maturation into a lysosome. After this dissocia-
tion, the M6P receptors are returned to the TGN, where they enter the cycle once 
more [ 15 ]. 

 Once the lysosome has degraded its contents, transmembrane transporters facili-
tate relocation of metabolites to the cytosol, and other waste products leave the cell 
through exocytosis. 
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 Lysosomes and endosomes have several other important functions besides pro-
cessing cellular waste material. Among these functions are antigen presentation, 
signal transduction, cell division and neurotransmission. This wide range of tasks 
might aid our understanding why storage of an indigestible waste product might 
lead to cell and organ dysfunction in lysosomal storage diseases. 

 In lysosomal disease it can be either a soluble hydrolytic enzyme that is defi cient 
or any of many regulatory and transport enzymes. The classic hypothesis of cyto-
toxicity stated that accumulation would eventually overwhelm the cell, impair its 
normal functions and eventually lead to cell death [ 16 ]. Ongoing research in cellular 
processes learns that the mechanism leading from the relatively simple single 
enzyme defect with accumulation of material to clinical disease is much more com-
plex. It is now clear that many secondary effects contribute to cell and organ dam-
age. Some of these effects involve ER stress, impaired pH regulation, insuffi cient 
M6P recycling, disturbed Ca 2+  homeostasis, impaired signal transduction and 
reduced ability of autophagy [ 17 – 19 ].  

1.4     Clinical Aspects of Lysosomal Storage Diseases 

 The lysosomal storage diseases (LSDs) comprise a quantitatively important group 
within the fi eld of inherited metabolic disorders. The diseases of this heterogeneous 
group might be classifi ed by the storage products or by the affected cellular mecha-
nism. An extensive overview of lysosomal storage disorders and inherited defects in 
lysosome-like organelles is presented in    Table  1.1 .

   LSDs are considered rare genetic disorders, but taken together they have an inci-
dence of more than 1 in 8000 births [ 18 ]. Incidence of any LSD also highly relies on 
the ethnicity of the population studied. For example Gaucher disease has an inci-
dence of 1:450 to 1:1,000 is Ashkenazi Jewish families, compared to a general 
incidence of 1:60,000 [ 20 ]. For mucopolysaccharidosis type I (MPS I) the incidence 
in the Republic of Ireland is around 1:26,000 births. Within this cohort, the inci-
dence among the Irish Traveller Community is even much higher, namely 1:371 
[ 21 ]. In other countries the incidence of MPS I can be signifi cantly lower, ranging 
from 1.19:100,000 in the Netherlands [ 22 ] to 0.11:100,000 in Taiwan [ 23 ]. 

 In general, the characteristic signs and symptoms of any LSD refl ect the cell type 
that is the principal site of substrate deposit. Which cells are affected mainly depends 
on the availability of substrate for the defi cient enzyme. For example, in Pompe 
disease α-glucosidase is defi cient, which is an enzyme involved in glycogen break-
down. Consequently the skeletal muscles, the heart and the liver are the most 
affected organs in Pompe disease, as these are the most active organs in glycogen 
metabolism. But as lysosomal proteins are distributed ubiquitously, ultimately any 
cell type may be involved [ 24 ]. 

 Most of the LSDs display a remarkable clinical heterogeneity with a spectrum 
ranging from severe disease to an attenuated phenotype. In many LSDs, an underly-
ing genetic defect has been identifi ed and although no perfect concordance in the 
relationship between phenotype and genotype has been found, null-mutations have 
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been associated with more severe disease and young age of onset. Phenotypes are 
often biochemically indistinguishable. Prognosis is thus mainly based on clinical 
presentation. 

 Different from most inborn errors of metabolism, the LSDs do not present with 
“intoxication type” symptoms with acute decompensation with altered mental sta-
tus, but have a gradual onset of symptoms and an invariably progressive course. 
With the development of disease modifying treatments options, some previously 
severe and fatal LDSs have now turned into more chronic conditions, with survival 
well into adulthood, displaying a new phenotype of the disease [ 25 ]. 

 As much as two-thirds of the LSDs may present with neurological disease. This 
can range from central nervous system involvement leading to developmental delay 
and behavioural problems to peripheral neuropathy [ 26 ]. Also organomegaly, cor-
neal disease, skeletal involvement and connective tissue disease are often seen.  

1.5     Current Therapeutic Options in Lysosomal Storage 
Diseases 

 During the last decades, much progress has been made in the development of thera-
pies for lysosomal storage diseases (LSDs). For some disorders, disease modifying 
treatment is now available. As none of the disease can yet be completely cured, 
there is still a large role for supportive care. Main goals in the treatment of LSDs are 
to ameliorate symptoms and prevent complications. 

1.5.1     Supportive Care 

 Regardless of the type of LSD, as long as there is no curative therapy available, sup-
portive care is and will be the corner stone of treatment. Supportive care should be 
coordinated by a physician with experience in lysosomal storage disorders. 
Depending on the expected complications, other specialists such as pulmonologists, 
cardiologists, otorhinolaryngologists, anaesthesiologists, orthopaedic surgeons, 
physiotherapists and neurosurgeons should be involved in the management and pre-
vention of symptoms and complications. Besides providing “standard care” every 
specialist thus involved should be aware of the typical problems that may occur in 
patients with a lysosomal storage disease. These issues can be life threatening com-
plications, such as cervical instability and cardiac failure, or may primarily affect 
quality of life, such as immobility, loss of vision and hearing impairment. Arising 
from a completely unique pathophysiology, these complications require special and 
multidisciplinary attention [ 27 ,  28 ]. 

 In many LSDs, surgical interventions are frequently needed. Surgical interven-
tions may include carpal tunnel release, ventriculoperitoneal shunting, heart valve 
replacement or orthopaedic interventions [ 29 ]. It is advised that surgical procedures 
take place in specialized centres. Especially general anaesthesia might be challeng-
ing as some of the lysosomal storage diseases such as mucopolysaccharidosis may 
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present with a distorted anatomy due to clinical features as an enlarged tongue, a 
short stiff neck and odontoid dysplasia [ 30 ,  31 ]. 

 Aside from somatic care, patients and families with lysosomal storage disorders 
in general require psychosocial support. The decrease in health related quality of 
life is not only associated with disease severity, but also with the inability to main-
tain friends or a hobby [ 32 ]. Educational programmes aimed to improve knowledge 
and promote self support in patients and their care takers may substantially improve 
quality of life.  

1.5.2     Disease Modifying Treatment Options 

1.5.2.1     Hematopoietic Stem Cell Transplantation 

 Disease modifying therapies have been available for lysosomal storage diseases only 
since the early 1980s, after Hobbs and colleagues performed the fi rst bone marrow 
transplantation in a patient with Hurler disease. This was successful, with engrafted 
survival as well as decrease in glycosaminoglycans excretion, reduction in liver size 
and an arrest in the deterioration of cognitive development [ 1 ]. After this encourag-
ing result, bone marrow transplantations have been performed in many other LSDs. 
It was the discovery of the mechanism of “cross-correction” that led to the hypoth-
esis that this procedure may benefi t patients with a lysosomal storage disease. 

 In 1968 Elisabeth Neufeld and her group reported that the biochemical defects in 
co-cultured skin fi broblasts of Hunter and Hurler patients were corrected [ 33 ]. In 
addition, they showed that co-culturing with control fi broblasts also resulted in cor-
rection of the biochemical defect. Later studies demonstrated that this process of 
cross-correction was based on the phenomenon that lysosomal enzymes can be 
excreted and imported by cultured cells. Most of the lysosomal enzymes are tar-
geted for their lysosomal destination by a residue which is recognized by a mannose-
6- phosphate receptor (M6P receptor). For enzymes that are not transported to the 
lysosome, but is instead secreted from the cell, a surface M6P receptor facilitates 
their re-uptake. These enzymes can subsequently reach the lysosome through the 
endocytic pathway (see Fig.  1.1 ).

   Cross-correction uses this physiologic process and the essential fact that secreted 
enzymes are not just re-captured by the excreting cell, but might also be captured by 
any neighbouring cell with a surface M6P receptor. 

 As it appears that in most of the LSDs an enzyme activity of only 10–20 % of 
normal may already substantially improve the clinical outcome, cross-correction is 
an important mechanism in developing therapeutic strategies [ 34 ]. 

 So, through performing bone marrow transplantations, enzyme producing and 
secreting cells become available in patients with a lysosomal storage disease. Due 
to its size, secreted enzymes are not able to pass the blood barrier, but surprisingly 
neurodegeneration is halted in transplanted patients with some types of LSDs. In 
addition, a decrease in white matter lesions on brain MRI has been reported [ 35 ]. 
This is attributed to the fact that microglia cells in the brain are derived from bone 
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marrow precursors. After a haematopoietic stem cell transplantation (HSCT), the 
defi cient microglia cells are gradually replaced by enzyme secreting cells, provid-
ing the surrounding neuronal cells with the defi cient enzyme. Partial or late onset 
neurological benefi ts can be due to the slow rate of replacement for microglia cells. 
Unfortunately, neurological damage already present before HSCT is often irrevers-
ible. As a consequence, early—preferably presymptomatic—diagnosis and early 
initiation of treatment is of utmost importance to improve the outcome of HSCT. 

 As the brain is populated with microglia cells, other tissue macrophages also 
infi ltrate organs throughout the body. These haematopoietic precursors migrate to 
the liver to form enzyme producing Kupffer cells and in the lungs they replace defi -
cient alveolar macrophages. Due to their wide tissue distribution they increase the 
amount of available enzyme [ 36 ]. 

 Because of the risks of morbidity and mortality associated with HSCT, the pro-
cedure was initially indicated only for patients with the more severe phenotypes of 
the diseases. Currently most experience is in patients with severe MPS I, also known 
as Hurler phenotype. In 2005 the European Group for Blood and Marrow Transplant 
(EBMT) developed transplantation guidelines for these patients. 

  Fig. 1.1    Schematic overview of the lysosome and related intracellular processes. 1: Exocytosis of 
proteins from the Golgi network. 2: Mannose-6-Phosphate (M6P) receptors return to the cell mem-
brane. 3: M6P receptors facilitate uptake of labelled hydrolytic enzymes. 4: M6P receptors regulate 
transport of newly formed hydrolytic enzymes from the  trans -Golgi-network (TGN) to the endo-
somal/lysosomal system. M6P receptors can be recycled from the LE to the TGN. 5: Receptor medi-
ated endocytosis. 6: Non-receptor mediated endocytosis. 7: Autophagy. 8: Exocytosis.  AV  
autophagosome,  CG cis -Golgi-network,  TG trans -Golgi-network,  ER  endoplasmatic reticulum,  CCV  
clathrin coated vesicle,  EE  early endosome,  LE  late endosome,  LYS  lysosome,  CCP  clathrin coated pit       
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 Based on the success of HSCT, this was subsequently tried in many other LSDs 
with often disappointing results. However, recent advances in treatment regimen 
and the donor source may chance these policies in the near future [ 36 ].  

1.5.2.2     Enzyme Replacement Therapy 

 The ability of cells to reuptake lysosomal hydrolases is not just the mechanism on 
which haematopoietic stem cell transplantation relies; it is also the basis of enzyme 
supplementation or replacement therapy (ERT). With ERT the enzyme is not pro-
duced endogenously, but infused at regular intervals as a recombinant enzyme. 

 As early as 1973, the fi rst attempts to use enzyme replacement therapy (ERT) in 
LSDs were made by intravenous injection of urine-derived hexosaminidase A in a 
patient with Sandhoff disease. Biochemically this resulted in a signifi cant reduction 
of the accumulated globoside in the circulation, but no clinical improvement was 
noted [ 37 ]. 

 As an alternative source for enzyme, the human placenta was later investigated 
as option for ERT, fi rst for Fabry disease, later for Gaucher disease [ 2 ,  38 ]. 
Glucocerebrosidase isolated from human placentae was made available in suffi -
cient quantities and the fi rst clinical trials were initiated. In order to target the 
exogenous enzyme to macrophages (the most affected cells in Gaucher disease) 
the glycosylation signal on the enzyme was modifi ed to contain mannose-terminal 
oligosaccharide side chains. In the early 1990s the fi rst patients with non-neurono-
pathic Gaucher disease were treated with this modifi ed glucocerebrosidase and an 
excellent clinical response was observed with a decrease in spleen and liver size 
and resolution of anaemia and thrombocytopenia and improvement of skeletal 
disease [ 39 ]. In 1991 this fi rst clinically effective ERT was approved by the regu-
latory authorities in the USA and later in many other countries. Later, Chinese 
hamster ovary cells were genetically modifi ed to produce glucocerebrosidase 
which is subsequently processed to express a mannose terminated oligosaccharide 
residue. This enzyme, imiglucerase, was approved in 1994 for the use in patients 
with Gaucher disease. At present, over 4,000 patients are treated with this 
product. 

 The remarkable success of ERT in Gaucher disease led to increased attention for 
new therapeutic strategies in lysosomal storage disease in general and ERT in particu-
lar. This resulted in the development more recombinant enzymes, as shown in Table  1.2 .

   It is important to realize that where in Gaucher disease the recombinant enzyme 
is effectively targeted for only one cell type, this is insuffi cient in other LSDs as they 
encompass many more cell types. In addition, it is increasingly recognized that 
antibody formation may be a great challenge in some of the enzyme replacement 
therapies, as this might lessen the available enzyme and its effects. Despite these 
challenges, ERT has proven to signifi cantly reduce some of the somatic signs and 
symptoms in LSDs and improve the quality of life of the patients.  
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1.5.2.3     Substrate Reduction Therapy 

 A different approach to the treatment of LSDs is substrate reduction therapy. By 
partially inhibiting the synthesis of the substrate for the defi cient enzyme, the infl ux 
into the lysosome and subsequent accumulation may be reduced. Any residual 
activity of the defi cient enzyme might be enough for the lysosome to cope with the 
amount of macromolecules still synthesized. At present,  N -butyldeoxynojirimycin 
(miglustat) is the only registered substrate reduction therapy in LSDs. This imino- 
sugar inhibits the synthesis of glucosphingolipids and is registered for Gaucher dis-
ease and Niemann Pick type C. Clinical trials are being performed to confi rm its 
benefi cial effects and safety in other LSDs [ 40 ,  41 ].    

1.6     Future Therapies 

 As more knowledge on the pathophysiology processes involved in lysosomal stor-
age diseases (LSDs) is gained, new treatment options are considered and studied. 
Although a number of successful therapies have been introduced during the last 
decades, many LSDs remain without a proper disease modifying option. Also, there 
are limitations to the existing therapies. Often, the central nervous system involve-
ment is not or only partially treated, resulting in ongoing brain disease. 

 New therapeutic options are therefore still very much needed. Several promising 
possibilities will be discussed in some detail. 

1.6.1     Gene Therapy 

 Lysosomal storage diseases appear to be ideal candidates for gene therapy. Firstly, 
most LSDs are caused by a single genetic defect. Secondly, the involved genes are not 
subject to a complex regulatory system. Various experiments with both microencapsu-
lation and viral vector delivery systems have been performed. Although the in vitro 
and non-human in vivo results are often promising, clinical experience is still limited. 

   Table 1.2    Approved enzyme replacement therapies in lysosomal storage diseases   

 Disease  Defi cient enzyme 
 Year of 
introduction  Recombinant enzyme 

 Gaucher disease  Glucocerebrosidase  1994  Imiglucerase (Cerezyme ® ) 
 2010  Velaglucerase α (VPRIV ® ) 

 Fabry disease  α-Galactosidase A  2001  Agalsidase α (Replagal ® ) and 
 2003  Agalsidase β (Fabrazyme ® ) 

 Pompe disease  Acid α-glucosidase  2006  Alglucosidase α (Myozyme ® ) 
 MPS I (Hurler, Hurler/Scheie, Scheie)  α- l -iduronidase  2003  Laronidase (Aldurazyme ® ) 
 MPS II (Hunter)  Iduronate sulfatase  2006  Idursulfase (Elaprase ® ) 
 MPS VI (Maroteaux-Lamy)  Arylsulfatase B  2005  Galsulfase (Naglazyme ® ) 
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 In gene therapy, the aim is to restore enzyme availability in one of two ways. The 
fi rst technique allows genes to be transfected into the subject’s cells by viral vectors 
such as adeno-associated or lentiviruses. Once the gene is expressed, these cells will 
produce the specifi c enzyme which will not only provide for their own lysosomal 
degradation of the storage product, but through cross-correction will also treat cells 
in their vicinity. 

 Another form of gene therapy consists of the so called microencapsulation tech-
nique. In this situation, genetically modifi ed cell are encapsulated in a semiperme-
able membrane and then brought into the host. The membrane allows for exchange 
of molecules such as nutrients and metabolites between the cell and its environment, 
while preventing the access of the immune system. In microencapsulation cross- 
correction is again the mechanism with which the surrounding cells receive their 
defi cient enzyme [ 42 ,  43 ].  

1.6.2     Small Molecules Therapy 

 Enzyme defi ciency is the result of a misbalance between synthesis, degradation and 
functionality of the enzyme. Misfolding, for instance, leads to premature degrada-
tion of enzymes. Small molecule therapies aim to restore the balance. 

 In chaperone therapy, enzyme stabilization is facilitated by administering a low 
dose of hydrolase inhibitory molecules. The otherwise degraded enzyme might in 
this way bypass the cell’s quality control mechanism and still perform its function 
in the lysosome. No human in vivo trials have been published to date [ 43 ,  44 ]. 

 Substrate reduction therapy (SRT) is a form of small molecule therapy. The clini-
cal success of miglustat use in Gaucher and Niemann Pick type C disease has 
prompted more research. Both miglustat’s effi cacy in other LSDs and alternative 
substrate reducing agents are currently under investigation. At present, phase 2 clin-
ical trials with eliglustat are performed, which might prove a more potent form of 
SRT in Gaucher disease.  

1.6.3     Alternative Uses of Known Therapies 

 In addition to the search for new therapies, new utilities for known therapies are 
studied. For example, combining therapies in order to target different aspects of 
disease at the same time might improve clinical outcome in LSDs. Both additional 
and synergistic effects have been noted in murine models [ 45 ]. No clinical data is 
available at this point. The combined therapies might be LSD-specifi c such as ERT 
and SRT for Fabry disease, but also commonly used drugs as non-steroidal anti- 
infl ammatory drugs [ 43 ]. 

 As well as combining two or more therapies, an alternative route of administra-
tion might also improve effi cacy of known drugs. For instance, direct intra-thecal 
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injection allows for bypassing the blood–brain barrier. Intrathecal enzyme injection 
has been tried in a patient with MPS I and MPS VI, with some clinical improvement 
[ 46 ] and is currently studied in MPS II and MPS III patients. Another way of com-
bining two therapeutic strategies may consist of genetic modifi cation of autologous 
bone marrow. This method was used by Aubourg and colleagues [ 47 ]. They per-
formed an autologous HSCT in two patients with the peroxisomal inborn error 
X-linked adrenoleukodystrophy. Before re-infusion the patients CD34+ cells were 
genetically corrected ex vivo to produce the defi cient enzyme. Thus genetic modifi -
cation and transplantation techniques may decrease the risks and side effects of 
these techniques, and improve effi cacy.      
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