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Abstract: The mucopolysaccharidoses (MPS) are a group of diseases arising from one of 

eleven different enzyme defects, each one affecting one single step of the degradation pathway 

of glycosamynoglycans. Several developments in the understanding of the MPS have occurred 

since the first clinical report about their occurrence in 1917: the nature of the storage product 

was recognized, a useful biomarker (mucopolysacchariduria) was developed, the enzyme 

defects became identified, and the gene defects were elucidated. The first successful treatment 

for MPS diseases was bone marrow transplantation, which was introduced for the therapy in 

1980. Over the last decade, a whole new set of therapeutic approaches have become available 

or are currently in development to address MPS. Intravenous enzyme replacement therapy, 

already approved for MPS I, II, and VI, will possibly be available for MPS IVA and for MPS 

VII within the next few years. Intrathecal enzyme replacement therapy (tested in animals and 

already reported in a few patients) may become a tool to treat or prevent the central nervous 

system (CNS) manifestations which occur in several MPS. Substrate inhibition therapy using 

small molecules which cross the blood–brain barrier is also being tested for MPS types with 

CNS manifestations. In vitro studies point out that chaperones may also be of therapeutic value 

when the main cause is protein misfolding and retention at the endoplasmic reticulum. Stop-

codon read-through strategy has been tried in preclinical studies with MPS models caused by 

nonsense mutations. Preclinical studies assessing gene therapy also show quite encouraging 

results, and this modality of treatment is now moving toward clinical development. The use of 

neural stem cells in MPS types which have CNS involvement is also promising. It is important 

to point out that MPS diseases are hard to treat, and demand specific therapies with a broad 

range of supportive measures. An additional challenge arises from the high cost of these tech-

nology intensive approaches, and this needs to be addressed if the treatments are to become 

widely available. Finally, since there is evidence that early diagnosis followed by early treatment 

considerably improves the health outcomes for these patients, newborn screening is becoming 

increasingly important for the early diagnosis of affected patients.

Keywords: mucopolysaccharidoses, glycosaminoglycans, treatment, enzyme replacement 

therapy, gene therapy, lysosomal diseases

Introduction
The group of the mucopolysaccharidoses (MPS) includes diseases arising from 

eleven different enzyme defects, each one affecting one single step in the degra-

dation pathway of glycosaminoglycans (GAGs). In this step, particular species of 

GAGs are accumulated, and a characteristic picture is observed in the patients who 

present with one of the eleven MPS types. In each MPS type, a broad heterogeneity 

of manifestations is usually observed, tentatively related to residual enzyme activity, 
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which could be conditioned by the underlying gene defect 

(with a trend to be more severe when gene rearrangements 

or frameshift/ nonsense mutations occur, and more attenuated 

when missense mutations are involved). Many developments 

in understanding the MPS have occurred since they were 

first reported in 1917: the nature of the storage products was 

recognized, a useful biomarker (mucopolysacchariduria) was 

developed, the enzyme defects became identified, and the 

gene defects in all the diseases became known.1

The first successful treatment for these diseases was bone 

marrow transplantation (BMT), introduced in 1980. BMT or 

hematopoietic stem cell transplantation (HSCT) is still used, 

and its main indication at present is for therapy of the severe 

form of MPS I (Hurler disease) when the transplantation can 

be performed before the age of 2.5 years or when the patient 

presents with an intelligence quotient greater than 70. If 

performed later, BMT/HSCT will not prevent the cognitive 

decline that occurs in this form of the disease, and other forms 

of therapy will be preferred due to the high mortality and 

morbidity rates associated with the transplantation procedure. 

For this reason BMT/HCST is not usually indicated for the 

more attenuated forms of MPS I or MPS VI, despite the 

reports of successful outcomes in these MPS types. BMT/

HSCT does not seem to be an option for MPS III and MPS IV,  

and its indication in MPS II is still controversial.

Following the success of enzyme replacement therapy 

(ERT) for the treatment of Gaucher disease, this method of 

treatment was also developed for MPS and is now available 

for MPS I (since 2003), MPS VI (since 2005), and MPS II 

(since 2006), and has certainly improved the outcome of 

patients affected by these MPS types.

The storage of GAGs still seems to be the primary 

problem in MPS, but it is now well known that this launches 

a cascade of pathogenic mechanisms, opening the door for 

the use of different therapeutic approaches targeting different 

disease mechanisms.

This review does not focus on the available BMT/

HSCT and ERT approaches, but rather concentrates on the 

emerging treatment options for these diseases, including 

intravenous ERT for further MPS types, intrathecal ERT, 

substrate reduction therapy, the use of chaperones, stop-

codon read-through (SCRT), gene therapy, and the use of 

neural stem cells.

Intravenous enzyme replacement 
therapy
ERT involves regular-infusions of a recombinant product 

which is similar to the deficient enzyme missing in the 

specific MPS type. Before the advent of therapies targeting 

the deficient enzyme activity, the treatment of MPS was 

mainly focused on the prevention and care of complications, 

which is still a very important aspect in the management of 

these patients.2,3 ERT is the main specific treatment already 

available for some types of MPS, which brings substantial 

benefits to the patients. Over the last few years, the prognosis 

of the disease in MPS patients has improved considerably due 

to better understanding of the complications, the better sup-

portive care provided, and also due to the specific therapies 

developed for some MPS types.4 However, improvements 

are more noticeable in some areas (visceromegaly, respira-

tory system, heart muscle, joint mobility, endurance) than 

in others (heart valves, cornea, skeletal system, and central 

nervous system [CNS] manifestations).5–7

It is important to mention that the production of anti-

bodies against the recombinant enzymes may impact the 

efficacy of the enzyme replacement therapy, and some 

research initiatives are in progress to develop protocols to 

minimize this problem.8 In addition, the use of ERT before 

and immediately after HSCT has been proposed, as this would 

improve the patient’s condition for the HSCT procedure, and 

would provide enzyme supply while the donor cells are still 

establishing themselves in the receptor (this would be even 

more important if the donor is a carrier).9

As clinical trials using ERT are already underway for 

MPS IVA, and possibly for MPS VII in the near future, we 

will focus on these conditions in this section. MPS IVA, also 

known as Morquio syndrome type A, is a rare, autosomal 

recessive disorder caused by a deficiency of the lysosomal 

enzyme N-acetylgalatosamine-6-sulfate-sulfatase, which 

catalyzes one of the steps of the catabolism of the GAGs 

keratan sulfate and chondroitin-6-sulfate.10 The multisys-

temic impact of this storage results in skeletal dysplasia, 

decreased endurance, and impaired quality of life. Generally, 

MPS IVA patients with a severe form of the disease do not 

survive beyond 20 to 40 years, whereas those patients with an 

attenuated form may survive longer. Mortality is commonly 

due to cardiorespiratory or neurological complications.1,11 As 

no specific therapy for MPS IVA has been available until now, 

palliative care has been the primary treatment modality.

ERT is now being developed for MPS IVA, and 

preliminary data from preclinical studies12,13 and from Phase 

I/II clinical trials indicate the sharp decrease of urinary 

keratan sulfate excretion after a few weeks of treatment, with 

an additional improvement in a 6-minute walking test and 

a 3-minute stair climb test; these results are similar to those 

observed in clinical trials of ERTs for MPS I, II, and VI. 
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Adverse reactions are also comparable to those observed with 

the use of ERT across other MPS.14 However, more conclusive 

data on the efficacy of this therapy will not be available until 

the results of the Phase III clinical trial are reported, and these 

are to be announced in early 2013. It may be anticipated that 

as the skeletal system is prominently affected in this type 

of MPS, early treatment would be important to reduce the 

burden of these manifestations, as bone is a difficult tissue 

to treat with ERT.

MPS VII (also known as Sly syndrome) results from a 

deficiency of β-glucuronidase (GUSB) and is inherited as an 

autosomal recessive trait. Affected patients share many clini-

cal features with patients with other forms of MPS, including 

shortened life span, mental retardation, organomegaly, and 

the bone and joint abnormalities that are collectively referred 

to as dysostosis multiplex.15 Comprehensive studies of ERT 

in animal models of MPS VII (especially with mice, dogs, 

and cats), which have been playing an important role in the 

development of ERT for related disorders (including other 

lysosomal storage disorders [LSDs]),16,17 are  promising. 

There is hope that a clinical development program of ERT 

for MPS VII will be starting shortly, as an Orphan Drug 

 Designation was already granted for this product. The disease 

has a broad spectrum of clinical presentations, from hydrops 

fetalis to milder forms with normal intelligence, and it would 

be expected that ERT would provide greater benefits in the 

more attenuated forms, as the blood–brain barrier (BBB) may 

prevent enzyme therapy from directly helping the brain, as 

is the case with ERT in the other MPS which have involve-

ment of the CNS.18

Intrathecal enzyme  
replacement therapy
It is known that some types of MPS develop CNS 

manifestations, which can include cerebral tissue abnormali-

ties (leading to progressive cognitive deficit), and/or spinal 

cord compression (leading to myelopathy), and/or obstruction 

of cerebrospinal fluid reabsorption (leading to high-pressure 

communicating hydrocephalus). As in other affected areas 

(bone, joints, heart, airways, eye, etc), a reduction of GAGs 

in the CNS is imperative in order to revert, stop, or at least 

slow down the progression of the devastating effects of the 

GAGs accumulation in the brain and meninges.

As the BBB prevents the enzyme from reaching the 

brain in significant quantities, the intravenous ERT does not 

address the neurological complications of the disease. Recent 

animal studies suggest that intravenously administered 

enzymes can cross the BBB in small amounts; however, there 

is no conclusive evidence that this also occurs in humans. 

The attempt to deliver the recombinant enzyme intrathecally 

has been shown to enhance the enzyme activity levels in the 

brain (three- to 20-fold heterozygote levels).19

The intrathecal administration of recombinant arylsul-

phatase B resulted in a reduction in GAGs storage in the 

dura of MPS VI cats.20 Thus, intrathecal ERT is an effective 

way to introduce enzymes into the CNS in animal models 

and, although there is still no evidence that shows that it may 

prevent cognitive impairment in MPS I, some studies have 

demonstrated behavioral improvement in animal models 

of other LSDs when enzymes are provided directly into 

the brain.19 Other studies have shown that intrathecal ERT 

administered every 3 months adds substantial benefit to 

high-dose intravenous ERT for the treatment of CNS storage 

in MPS I in the canine model. The primary disadvantage of 

direct CNS delivery is the invasive nature of the procedure.21 

Furthermore, we should mention that, with intratechal ERT, 

the distribution of enzymes within the brain may be imper-

fect, especially in larger brains, and the benefits of intrathecal 

ERT for subjects with established CNS manifestations may 

be difficult to achieve.

Two case reports have described successful delivery of 

recombinant enzymes intrathecally in adult patients with 

MPS I and MPS VI with spinal cord compression. In studies 

of canine models, the MPS I patient received four injections 

of 3 mL of laronidase (approximately 1.74 mg of enzyme) 

at monthly intervals.22 The patient had improved gait, respi-

ratory parameters, and decreased use of pain medications, 

without adverse events.23 The MPS VI patient had been 

presenting with a slow, but apparently steady improvement 

in sensitivity to hot and cold and reflexes; however, walk-

ing capacity decreased progressively. It was concluded that 

in situations of high surgical risk or less advanced bone 

disease, the intrathecal ERT approach may be considered as 

therapeutic or adjunct therapy for the MPS types for which 

ERT is available.24

The encouraging results which came from preclinical 

studies and case reports have paved the way for clinical 

trials investigating intrathecal therapy for MPS I (whether 

associated or not to BMT/HSCT), MPS II, and MPS IIIA, 

and these studies are currently in progress.

Substrate reduction therapy
Since intravenous ERT appears to be inefficient in treating the 

CNS manifestations of the MPS, studies on alternative 

therapeutic methods are being conducted. Substrate reduction 

therapy (SRT) has recently been shown to be a promising 
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strategy for treatment of neuronopathic forms of MPS and 

other LSDs.25 The SRT aims to decrease the amount of stored 

material through the administration (usually oral) of small 

molecules that are capable of inhibiting the synthesis of the 

substrate stored in that specific disease, resulting in the res-

toration of the balance between synthesis and degradation. 

For the success of this type of therapy it is necessary that the 

enzyme has some residual activity, in order to turn over the 

decreased amount of stored substrate. In MPS disorders, 

the strategy for SRT would be the reduction of the formation 

of GAGs by inhibiting the enzymes needed for the synthesis 

of these molecules.26 Inhibiting the formation of the primary 

storage products should delay the development of pathologies 

in MPS disorders. The most important therapeutic strategy 

is based on the use of relatively small molecules that may 

cross the BBB and reach the CNS, making SRT a potential 

strategy with which to approach the neurological problems 

associated with the MPS disorders. There are a number of 

inhibitors of GAGs synthesis, and we will comment briefly 

on the two which are considered the most important SRT 

agents for MPS.

Genistein and other natural flavonoids
The compound 5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-

1-benzopiran-4-one, known also as genistein or 4,5,7- 

 trihydroxyisoflavone, has been demonstrated to be an inhibitor 

of GAGs synthesis in fibroblasts of patients suffering from 

various types of MPS.27 Subsequent studies on MPS II (Hunter 

syndrome) and MPS III (Sanfilippo syndrome) – the MPS 

types in which the neurological symptoms are severe – indi-

cated that genistein, a natural isoflavone, can be effective in the 

treatment of some symptoms, including behavior and cogni-

tive disabilities, in both mouse models (mice suffering from 

MPS II and MPS IIIB) and human patients.28–31  Improvement 

was noticed in the short-term treatment of animals with 

MPS II, and a complete correction of behavior was observed 

in long-term treatment of animals with MPS IIIB.29–30

In pilot clinical studies conducted for 1 year, it was dem-

onstrated that treatment with a 5 mg/kg/day Genistein-rich 

isoflavone extract in 10 pediatric patients (3 to 14 years) 

suffering from MPS IIIA and MPS IIIB resulted in a statis-

tically significant reduction in the concentration of urinary 

GAGs, changes in hair morphology, and improved cogni-

tive function as assessed by special psychological tests.31 

No adverse events related to the treatment were reported. 

The effects of genistein on neurological parameters in MPS 

animals and humans were assumed to be due to the ability 

of this isoflavone to cross the BBB, which was previously 

demonstrated.32 The mechanism of genistein-mediated 

substrate reduction was proposed to be due to inhibition of 

tyrosine-specific protein kinase activity of the epidermal 

growth factor receptor.33

Recently, Kloska et al34 tested the effects of other fla-

vonoids (apigenin, daidzein, kaempferol, and naringenin) on 

GAGs synthesis in cultured fibroblasts from MPS IIIA and 

MPS IIIB patients. They found that daidzein and kaempferol 

inhibited GAGs synthesis significantly and as efficiently 

as genistein. The study also showed that the combination 

of various flavonoids is more effective in inhibiting GAGs 

synthesis than the use of any of these compounds alone. 

Moreover, these compounds were able to reduce lysosomal 

storage in MPS IIIA fibroblasts and led to inhibition of GAGs 

synthesis by a mechanism other than blocking of the tyrosine 

kinase of epidermal growth factor receptors, as happens with 

genistein. This is important given that the use of tyrosine 

kinase inhibitors are associated with toxic and/or adverse 

effects like diarrhea and nausea, as well as skin and cardiac 

toxicity; therefore, their use in the treatment of MPS patients 

may result in compliance problems in the long term.

It should be mentioned that most of the trials with 

genistein are open-label, and the only controlled trial did not 

find an improvement in CNS function.35 There are sugges-

tions that doses as high as 160/mg/kg may be needed.36 The 

use of 150/mg/kg for 12 months did not show side effects, 

but two out of eight patients showed deterioration during 

this period.37 In conclusion, although natural flavonoids may 

be an option for SRT in the MPS, further clinical trials are 

needed to evaluate the efficacy and safety of this potential 

treatment, and to establish recommended doses.

Rhodamine B
Rhodamine B is a coloring agent also known as DMC Red 

37 that used to be used in cosmetics such as lipsticks and 

soaps. In vitro experiments in cultured human lip fibroblasts 

showed that rhodamine B at concentrations of 25 µg/mL and 

50 µg/mL led to a reduction in GAGs synthesis.38 Roberts 

et al39,40 demonstrated that rhodamine B is an effective inhibi-

tor of GAGs production in vitro and in vivo in the MPS IIIA 

mouse model; however, the toxicity profile of rhodamine B 

appears to be unacceptable for its use as a drug for humans. 

Although recent studies suggest that long-term treatment with 

low doses of rhodamine B is safe in mice,41 it is still not clear 

whether its safety profile would be the same for humans, and 

whether treatment with such low doses may be effective in 

improving MPS symptoms, or at least stopping or slowing 

down disease progression. It is important to mention that 
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although rhodamine B may decrease the GAGs storage, its 

use possibly would not affect the levels of gangliosides and 

other neuronally-stored materials, which seem to contribute 

to the pathophysiology of MPS disorders.

Pharmacological chaperones
Lysosomal enzymes are synthesized and secreted into the 

endoplasmic reticulum (ER) in a largely unfolded state. An 

efficient intracellular system ensures that only properly folded 

proteins are transported to the Golgi apparatus for further 

maturation. Misfolded enzymes are rapidly degraded by the 

proteosome. Specific molecules, called “pharmacological 

chaperones,” are able to increase residual enzyme activity by 

rescuing misfolded mutant proteins from rapid endoplasmic 

reticulum-associated degradation, and promoting the process-

ing and trafficking of mutant enzymes to the lysosomes. As a 

result, the enzyme is still able to maintain its function, despite 

the initial misfolding caused by a missense mutation.42

Pharmacological chaperones (PC) therapy has been 

proposed and investigated as a potential treatment for many 

genetic diseases, including LSDs, that result from misfolded 

and/or unstable proteins.43,44 As already pointed out, the CNS 

manifestations of the LSDs do not respond to intravenous 

ERT due to the inability of these exogenous enzymes to cross 

the BBB. Other problems include insufficient delivery to 

relevant tissues and organs, immunogenic reactions, and tol-

erability.45,46 The PC, on the other hand, are small molecules 

that could be administered orally and could cross the BBB. 

Despite being a novel approach, there are a few drugs that 

have been proposed as PC, which are already being investi-

gated in clinical trials.44 The treatment of metabolic diseases 

with competitive inhibitors such as chemical chaperones at 

subinhibitory intracellular concentrations was first proposed 

by Fan et al.47 They presented evidence that administration 

of deoxygalactonojirimycin at low concentrations effectively 

enhanced mutant lysosomal alpha-galactosidase A activities 

in lymphoblasts from Fabry patients with R301Q or Q279E 

mutations. Since then, PC have been exploited for other lyso-

somal storage disorders such as Gaucher, Pompe, Tay–Sachs, 

Sandhoff, GM1 gangliosidosis, and Niemann–Pick C, as well 

as for the stabilization of a variety of nonlysosomal proteins 

of medical interest.2,48,49

One of the disadvantages of a chemical chaperone, 

however, is the fact that its treatment effect is restricted to 

patients with missense mutations. PC might not be able to 

rescue processing mutants where the mutation has affected 

the active site or where the folding defect is too great to be 

reversed. The compound must be hydrophobic or be able 

to enter the cells through an alternative pathway and reach 

the ER at concentrations sufficient to promote folding. The 

concentrations of pharmacological chaperone required for 

rescue might be too high and produce negative side effects. 

As in Pompe patients, it may be assumed that only 10%–15% 

of these patients are amenable to enhancement therapy.2,50–51 

In MPS, a few molecules have been studied for potential use 

as chaperones in MPS III. This group includes 2-acetamido-

1,2-dideoxynojirimycin and 6-acetamido-6- deoxycastano-

spermine, which may inhibit the involved enzyme NAGLU 

(deficient in MPS IIIB) at high  concentrations, but these 

molecules may act as chaperones at lower  concentrations.52 

Feldhammer et al53 observed that glucosamine partially 

rescued the lysosomal membrane enzyme-deficient in MPS 

IIIC, which in most cases is retained in the ER and is not 

targeted to the lysosome. Suzuki et al54 are working on a new 

substance in β-galactosidase (deficient in MPS IVB) gene 

mutations, with some interesting preliminary results.

SCRT
SCRT is an approach in which there is suppression of 

premature termination codons (PTC) by the addition of a 

random amino acid in the PTC position, allowing for full 

protein translation. The translation termination mechanism 

is highly conserved among most organisms and is marked 

by three codons: UAG, UAA, and UGA. The nucleotide 

sequence around the stop codon also plays an important role 

in translation termination efficiency. Aminoglycosides, the 

main drugs used for SCRT purposes, appear to reduce the 

translation fidelity through proofreading inhibition, as they 

tend to increase the frequency of amino acid insertions in 

PTC sites and allow the ribosomes to continue translation.55 

However, aminoglycosides have minimal effects on normal 

translation, as their termination signals in eukaryotes are 

surrounded upstream and downstream by sequences that 

increase translation termination efficiency.56 Therefore, the 

use of drugs as PTC suppressors in diseases such as the 

MPS, in which nonsense mutations form a significant por-

tion of disease causing mutations, represents an alternative 

therapeutic approach.

A few studies have shown that SCRT is influenced by dif-

ferent factors. Keeling and Bedwell57 showed that efficiency 

of stop-codon suppression by gentamicin and amikacin was 

different for different codons and the adjacent nucleotides. 

A study of MPS I evaluated gentamicin as treatment for the 

IDUA p.Q70X and p.W402X mutations in CHO-K1 cells, 

and showed that the level of SCRT after gentamicin treat-

ment was higher for PTC with lower fidelity stop-codons.58 
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Moreover, SCRT may not be effective in cases with mark-

edly low levels of nonsense transcripts that occur due to 

the nonsense-mediated mRNA decay mechanism, which is 

responsible for the degradation of mRNA containing PTC, 

and was shown to be present in MPS.59,60 Linde et al61 showed 

that in cases of efficient nonsense-mediated mRNA decay, 

nonsense transcripts are markedly reduced, being insuf-

ficient in generating enough functional proteins even when 

gentamicin is provided.

Despite the influence of different factors, SCRT has 

been tested successfully for MPS I, which presents at least 

15 PTC mutations. The first study that addressed the use 

of SCRT for MPS I showed that gentamicin treatment of 

fibroblasts heterozygous for the p.Q70X and p.W402X muta-

tions restored alpha-l-iduronidase (IDUA) activity to 2.8% 

of normal levels. Moreover, the treatment was able to reduce 

the intracellular content of GAGs, resulting in a reduction in 

lysosomal vacuolation.62 Recently, Wang et al investigated 

the efficiency of SCRT to suppress the p.W392X nonsense 

mutation using gentamicin, G418, amikacin, paromomycin, 

and the designer aminoglycosides NB54 and NB84: results 

showed that NB84 suppressed nonsense mutation more 

efficiently than the other compounds.63 In vivo treatment 

reduced urine GAGs excretion and tissue GAGs storage, 

showing that this option may have therapeutic efficacy. 

Although preclinical results are not always reproduced in 

clinical trials (as occurred with SCRT for Duchenne muscular 

dystrophy), SCRT may be a potential therapeutic strategy for 

MPS treatment with the advantage that the drugs used in this 

approach, as with the drugs used for substrate reduction and 

chaperone therapies, can be administered orally and are able 

to cross the BBB. This represents an opportunity for treatment 

of patients with neurological symptoms.

Gene therapy
The discovery that lysosomal enzymes can be secreted and 

taken up by adjacent or distant cells via the M6P receptor, 

thereby bringing about cross-correction, made gene therapy 

especially attractive for the MPS disorders. Figure 1 shows 

the rationale for gene therapy in the MPS. Both in vivo 

and ex vivo protocols using different vectors have been 

successfully tested in animal models.64,65

Some nonviral approaches have been tested for treatment 

of MPS. Simple hydrodynamic plasmid injections through 

the tail vein resulted in partial correction in the MPS I mouse 

model,66 and even better results were achieved in MPS 

VII mice.67 However, the transient expression of the transgene 

made researchers look for other nonviral methods of gene 
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Figure 1 Rationale for gene therapy in MPS disorders.
Notes: The genetically modified cells (at the bottom) produce a normal copy of the enzyme, which is secreted to the extracellular media and is able to be internalized by 
adjacent cells using the M6PR. The internalized enzyme reduces the glycosaminoglycan storage in the lysosome.
Abbreviations: E, enzyme; M6PR, mannose-6-phosphate receptor; ER, endoplasmic reticulum; MPS, mucopolysaccharidoses.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

58

Giugliani et al

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Research and Reports in Endocrine Disorders 2012:2

transfer. In that context, removal of some bacterial sequences 

from the construct coupled with immunomodulation allowed 

for long-term expression of IDUA in MPS I mice.68 Another 

interesting approach used the Sleeping Beauty transposon 

system to allow transgene integration into host cells. IDUA 

activity in both visceral tissues as well as in the brain was 

detected after Sleeping Beauty-mediated gene therapy in 

MPS I mice.69 To confer protection against the immune 

system, cell lines were transfected with plasmids and encap-

sulated into polymer membranes. This approach has shown 

benefits in correcting both MPS I cells,70 as well as MPS I,71,72 

MPS II,73 and MPS VII74 mice when applied  intraperitoneally. 

MPS VII mice treated with an intraventricular injection of the 

capsules have also shown improvements in behavioral and 

biochemical abnormalities,75 confirming that this strategy is 

a potential treatment for the MPS.

However, it should be noted that most gene therapy 

protocols for MPS include modified viruses as vectors due 

to their higher efficiency of transduction and long-term gene 

 expression. These vectors have been applied both in situ and 

systemically, depending on the characteristics of the MPS 

studied. Most viral vectors used for MPS are derived from ret-

roviruses, lentiviruses, and adeno-associated viruses (AAV).

The retroviral vectors have an RNA genome that is cop-

ied to DNA and integrates into chromosomes, producing 

long-term expression. Their main disadvantages include 

the fact that they only transduce dividing cells and they can 

produce insertional mutagenesis.76 Protocols using a gamma-

 retrovirus for MPS I and MPS VII resulted in high and stable 

serum IDUA and GUSB levels, and they complete corrections 

in both mouse 64,77–79 and dog models.77

Lentiviral vectors are a type of retroviral vector that is 

able to transduce nondividing cells. Due to this property, 

they are suitable for the treatment of diseases affecting the 

CNS. In situ delivery of lentiviral vectors has proven to be 

effective in treating brain abnormalities found in MPS IIIA,80 

MPS IIIB,81 and MPS VII82 mice. Furthermore, systemically 

injected lentiviruses also had a positive outcome on somatic 

and brain diseases.82

In recent years, several studies have tested different sero-

types of AAV vectors for gene therapy in MPS. These vectors 

have a single stranded DNA genome, which is converted into 

a double-stranded DNA that is able to form concatemers in 

the nucleus, leading to long-term gene expression; integration 

into the chromosome occurs occasionally. Several studies 

have addressed the efficacy of using AAV vectors for different 

types of MPS. AAV-8 gene therapy has been shown to effec-

tively transduce liver cells and ameliorate somatic and brain 

abnormalities in MPS IIIA mice when applied intravenously.83 

An intravenous injection of a AAV2/8 vector was able to 

ameliorate the clinical signs found in MPS VI cats for up 

to 1 year.84 Combining an intravenous and an intracisternal 

injection of AAV-2 resulted in increased lifespan and correc-

tion of brain abnormalities in MPS IIIB mice.85 Furthermore, 

injections of AAV-5.5 or AAV-2.5 in dog models of MPS I 

and IIIB have shown long-term correction of abnormalities 

without serious adverse effects.86

Other studies have used gene therapy in combination with 

other therapies as complementary approaches. A study on 

MPS IIIB mice87 evaluated bone marrow transplant alone, 

intracranial AAV2/5 gene therapy alone, or the combination of 

both. Combination therapy, compared to either therapy alone, 

resulted in synergistic effects on hearing as well as CNS lyso-

somal inclusions; however, antagonistic effects were noted 

on motor function and lifespan. A second study on MPS I  

mice compared hematopoietic stem cell transplantation 

alone (without genetic modifications) or with hematopoietic 

stem cells transduced with a lentiviral vector.66 The ex vivo 

gene therapy approach was able to correct brain and skeletal 

abnormalities in MPS I mice, which were not corrected in 

the group treated with nontransduced cells. The authors 

concluded that the gene therapy was able to augment the 

efficacy of the stem cell transplant.

Gene therapy also faces problems with the distribution 

of the vector in the brain, which might be a challenge in 

larger brains like those found in humans. In addition, we 

need to learn more about the long-term effects of gene 

therapy, as the inserted genes would work for decades in 

humans. With the improvements in vector designs and 

delivery methods, it is likely that this approach will be 

tested in the near future, and possibly across different types 

of MPS. Clinical trials with gene therapy for MPS III types 

are currently being planned.

Neural stem cells
Neural stem cells (NSC) have been isolated from human 

and murine brains. These cells possess the capacity to grow 

indefinitely and the potential to differentiate into three 

major cell types of CNS cells: neurons, astrocytes, and 

 oligodendrocytes.88 The unique properties of NSC include 

their ability to migrate to distal sites, differentiate into 

 various cell types, and to integrate within the host brain 

without disrupting normal function.89 Therefore, these cells 

are attractive as delivery vehicles not only for replacing the 

deficient enzymes in the MPS but also to restore neurological 

deficits present in these diseases.
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In the mouse model of MPS VII, genetically engineered 

mouse NSC overexpressing GUSB were transplanted into 

the cerebral ventricles of newborn mice. At maturity, donor-

derived cells were present as normal constituents of diverse 

brain regions, and GUSB activity was detected along the 

entire neuroaxis, resulting in widespread correction of 

lysosomal storage in the mouse brain.90 Meng et al91 retrovi-

rally transduced a neural stem cell line derived from human 

embryonic telencephalon to overexpress GUSB. Cells were 

transplanted into the cerebral ventricles of neonatal MPS VII 

mice; 25 days after implant, GAGs storage in the brain was 

found to be significantly reduced in the transplanted mice. 

This study provided evidence that human neural stem cells 

would serve as a useful gene transfer vehicle for the treat-

ment of diffuse CNS alterations in LSDs.92 Another research 

group used fetal neural stem cells derived from embryonic 

mouse striata, and these were expanded in vitro by neu-

rosphere formation. Neurospheres were then transplanted 

into the lateral ventricles of newborn MPS VII mice, and 

donor cells migrated far beyond the site of injection within 

24 hours. GUSB activity showed a slight increase; however, 

histological analysis revealed a widespread decrease in 

lysosomal storage in the recipient’s hippocampus, cortex, 

and ependyma. In addition, functional assessment with 

novel-object recognition tests confirmed improvements in 

behavioral patterns.93

Despite encouraging results in animal models, there are a 

number of issues to be clarified before NSC as a stem cell-based 

therapy can be applied in the clinical setting. First, it should 

be noted that these studies incorporated a murine model; the 

mouse brain is small, thus allowing for the widespread diffu-

sion of lysosomal enzymes.94 Second, the long-term effects are 

unknown, as mouse experiments are limited to months rather 

than to the human requirement of years.94 Finally, the source 

of the cells is also a matter of concern. In this sense, induced 

pluripotent stem cells have major potential advantages because 

patient-specific neuroblasts are suitable for transplantation, they 

avoid immune reactions, and they can be produced without the 

use of human embryonic stem cells.95 Although induced pluri-

potent stem cells have not yet been successfully used in clinical 

trials, different groups have been successful in generating such 

cells from MPS VII and MPS IIIB patients.96,97 So far, the only 

investigational application that has been developed to assess 

the use of human NSC allografts in metabolic disorders was 

specifically targeted for treating Batten’s disease (NCL2), and 

this therapy seems to have been well tolerated by patients.98 

Therefore, this seems to be a promising strategy for the MPS 

with neurological involvement.

Table 1 Available and emerging therapies for the mucopolysaccharidoses*

MPS Intravenous ERT Intrathecal ERT SRT Chaperones SCRT Gene therapy NSC

I Available Pre-clinical studies  
published; case  
report published

– – Preclinical  
studies  
published

Preclinical studies  
published

–

II Available Clinical trial  
in progress

Preclinical and clinical  
studies published

– – Preclinical studies 
published

–

IIIA – Clinical trial  
in progress

Preclinical and clinical 
studies published

– – Preclinical studies  
published clinical  
trial in progress

–

IIIB – – Preclinical and clinical 
studies published

In vitro studies – Preclinical studies  
published

–

IIIC – – – In vitro studies – – –
IIID – – – – – – –
IvA Clinical trial  

in progress
– – – – – –

IvB – – – In vitro studies – – –
vI Available Case report  

published
– – – Preclinical studies  

published
–

vII Preclinical studies  
ongoing; clinical  
trial planned

– – – – Preclinical studies  
published

Preclinical studies 
published

IX – – – – – – –

Note: *This table does not include bone marrow transplantation/hematopoietic stem cell transplantation. HSCT is indicated before 2.5 years of age in severe MPS I, to 
preserve cognitive function.
Abbreviations: ERT, enzyme replacement therapy; SRT, substrate reduction therapy; SCRT, stop-codon read-through; NSC, neural stem cells.
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Conclusion
Over the last decade a whole new set of therapeutic measures 

have become available or are in development to address 

the MPS. Intravenous ERT, already approved for MPS I, 

II, and VI, will possibly be available for both MPS IVA and 

MPS VII within the next few years. Intrathecal ERT, tested in 

animals and already reported in a few patients, may become 

a tool to treat or prevent the CNS manifestations of these 

diseases. Currently, clinical developments are underway 

for the severe form of MPS I (associated or not to BMT/

HSCT), and for MPS II, MPS IIIA, and possibly for MPS 

IIIB. Substrate inhibition therapy with small molecules 

which cross the BBB is also being tested for the MPS 

types with CNS manifestations (mainly MPS III, but also 

for MPS II). In vitro studies point out that chaperones may 

also be a therapeutic tool, with preliminary data indicat-

ing that they may be useful in MPS IIIB, MPS IIIC and 

MPS IVB. SCRT strategy has been tried in preclinical 

studies for MPS I, and may be a tool to attenuate the clini-

cal manifestations of the severe form of this disease when 

caused by nonsense mutations. Despite the number of 

preclinical studies that were conducted to investigate gene 

therapy, and presented with quite encouraging results, this 

treatment modality took a long time to move forward into 

clinical studies; however, it should be noted that a trial for 

MPS IIIA should begin soon. The use of neural stem cells in 

the MPS types which have CNS involvement is promising, 

and more experimental results should become available in 

the next few years. Table 1 summarizes the present situa-

tion regarding the available and emerging options for the 

MPS diseases.

The MPS are hard-to-treat diseases, which demand, in 

addition to the available specific therapies, a broad range 

of supportive measures that are very important to improve 

the patient’s quality of life.99 As expected, most of the 

 technology-intensive therapies for rare and ultra-rare diseases 

have very high costs, which brings an extra challenge for 

access to these treatments.

Another important point to mention is that early diagnosis 

followed by early treatment seems to considerably improve 

patient outcomes.100 Since there is currently a significant 

delay in MPS diagnosis after the onset of symptoms,101,102 it 

is important to establish early diagnoses to prevent disease 

progression; in this light, newborn screening for these dis-

eases (already technically possible) may be considered as 

a wider set of treatment possibilities become available for 

these diseases.
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