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Lysosomal Storage Disorders

Genetics, Biology and Therapy

The Donell Family. Megan is the founder of the Sanfilippo Children’s Foundation. 



Lysosomal Storage Disorders (LSDs)

• Incidence: individually rare (e.g. MPSIII Sanfilippo syndrome approximately 1 in 
100,000) but collectively, LSDs occur at approximately 1 in 7,000 live births

• Genetics: > 50 monogenic disorders – mostly autosomal recessive or X-linked

• Presentation: Multiple organ systems - craniofacial abnormalities, cardiomyopathy, 
upper airway obstruction, hepatosplenomegaly, skeletal dysplasia, neuropathology, 
reduced lifespan (e.g. Sanfilippo syndrome (MPSIII) life expectancy 12-20 lose motor 

function by age 10).



Summary of the Lysosomal Storage Disorders



Genetics and biochemistry of the 
mucopolysaccharidoses



Pathways of Glycosaminoglycan (GAG) Degradation
HS, KS and DS, structural carbohydrates found in the cornea, cartilage, bone, 

skin, extracellular matrix and at the plasma membrane



Function of the Lysosome

• subcellular electron dense organelle

• filled with >50 hydrolytic enzymes: will break down all biological 
macromolecules

• low pH (~5.0), membrane bound

• Considered the ‘gut’ or garbage disposal unit of cell

• Material for degradation trafficked to lysosome via macrophagy, 
endocytosis or autophagy

• Lysosomal enzymes trafficked to lysosome via M6P receptor pathway



Function of the Lysosome

The Biogenesis of Lysosomes and Lysosome-Related Organelles
Luzio et al. 2014 Cold Spring Harbour Perspectives in Biology 6:a016840





MPS: A Multisystemic Disease



MPS: A Multisystemic Disease



Model of Cell Pathology in LSDs

Hypothetical cascade of events 

• Lysosomal events are in the shaded 
region

• Events in the cytoplasm, 
autophagosomes, ER, Golgi, 
peroxisomes and mitochondria are 
outside the shaded region

• Processes have been observed in a 
number of LSDs but do not necessarily 
apply to all. 

Lysosomal Storage Disorders: The Cellular Impact of Lysosomal Dysfunction. 
Platt et al. (2012) J. Cell Biol. 199:723



The Pathology of Lysosomal Storage Disease
Mechanisms of Bone and Joint Disease in MPS

Stiff joints contractures and poor mobility

Assumption: tissue disease is caused by excessive accumulation of an inert storage material
Observation: Disease is progressive but most tissues do not show progressive accumulation 

A Complex Pathogenic Cascade
• GAGs biologically active molecules as parent molecule and 

complex with proteins as proteoglycans 
• Articular chondrocytes (dermatan sulphate production) 

apoptosis
• Dermatan sulphate similar to lipopolysaccharide (LPS) – the 

endotoxin found on gram-negative bacteria
• Elevated LPS binding protein, TLR4, CD14 and CXCR4
• Activation of TNF-α, IL-1β and macrophage inflammatory 

protein 
• Disordered growth plate chondrocyte organisation
• Defects in endochondrial ossification
• Inhibition of the collagenase cathepsin K due to localised 

accumulation of heparan and dermatan sulphate
• Reduced number of cells in the proliferative zone



Neurons of the CNS and PNS are particularly susceptible 
to LSDs – neuropathology in two thirds of LSDs

Cellular pathology
• Accumulation of secondary substrates: gangliosides 

GM1 (monosialotetrahexosylganglioside), GM2 and 
cholesterol.

• Activation of signal transduction pathways: e.g. 
MAPK/ERK and Akt)

• Disturbances of lipid trafficking: some suggest shortage 
of simple lipid and carbohydrate substrates due to lack 
of recycling)

• ER stress and unfolded protein response: detection of 
unfolded protein in the lumen of the ER – halts 
translation, prolonged can lead to apoptosis

• Neuroinflammation - Gliosis: proliferation or hypertrophy 
of astrocytes, microglia activation – cytokine release –
infiltration of macrophages

• Demyelination: Oligodendrocyte dysfunction
• Dysregulated autophagy – inefficient mitochondrial 

breakdown
• Apoptosis



Other Common Features of LSD Pathophysiology
and proposed causal mechanisms 

Corneal clouding/opacification
GAG accumulation in corneal epithelium – disruption of the optically important arrangement of collagen fibrils. GAG 
accumulation in anterior chamber causes ocular hypertension and glaucoma 

Respiratory disease
Upper and lower airway obstruction, cranial and spinal abnormalities (flat nasal bridge, short neck, high epiglottis, abnormal 
mandible, abnormal cervical vertebrae) GAG deposition in mouth nose and throat. Gingival hyperplasia, mucosal oedema, 
mucoid secretion.

GI Tract disease and hepatosplenomegaly
Impaired function of the neurons in the myenteric plexus, poor motility – diarrhea. Hepatosplenomegaly common in 
Gaucher’s where glucocerebroside accumulates in spleen, liver, lung and bone marrow. 

Hearing defects otitis media
GAG accumulation in the nasopharynx affecting eustachian tube function leading to chronic otitis media. MPSI&II show 
sensorineural hearing loss which may be due to GAG accumulation in the cochlea or cochlear nerve.

Dental abnormalities
Impairment of BMP signalling in tooth buds during development

Heart Valve and Cardiac Problems
Common in MPS I,II and VI. Valve leaflet thickening, valvular regurgitation, short chordae tendineae, calcification of the 
mitral annular region. May lead to left ventricular dysfunction including dilatation or hypertrophy. 



Treatment options
• Enzyme replacement therapy (ERT) – several approved

o Fabry Fabrazyme [Genzyme]

o Gaucher type I Cerezyme [Genzyme]

o MPSI Hurler Aldurazyme [Genzyme]

o MPS II Hunter Elaprase [Shire]

o MPS IVA Morquino Vimizim [BioMarin]

o MPS VI Maroteaux-Lamy Naglazyme [BioMarin]

o Pompe Myozyme, Lumizyme, [Genzyme]

• Allogeneic Hematopoetic Stem Cell Transplantation
o Bone Marrow Transplant

o Umbilical Cord Blood

• Gene therapy – several in clinical trial stages
o Ex vivo HSC transduction 

o In vivo – intracranial or intrahepatic injection

• Substrate reduction therapy (SRT) – several approved
o Gaucher and neurological Niemann-Pick type C Miglustat [Oxford GlycoSciences]

o Fabry Migalastat [Amicus]

o Gaucher Eligustat [Genzyme]

• Gene editing using CRISPR-Cas9 modification of endogenous allele
o ?



Enzyme Replacement Therapy - Discovery

First suggested by De Duve 1964 – “it may be well to keep in mind 
that any substance taken up intracellularly in an endocytic 
process is likely to end up within lysosomes … opens up 
possibilities for replacement therapy”

The Neufeld ‘cross-correction’ experiment (1968): Fibroblasts 
from MPS I (Hurler) and MPS II (Hunter) mixed together in the 
same dish corrected the 35S-mucoploysaccharide accumulation. 
The ‘Corrective Factors’ were hypothesised to be enzymes 
secreted by one cell and taken up by the other

Discovery of the ‘uptake signal’ (1972): Studies on inclusion-cell disease (I-cell disease) showed 
that while the fibroblast lysosomes had multiple enzyme deficiencies, enzymes in the surrounding 
culture medium were not corrective, suggesting they were not taken up into the lysosomes as 
expected

Kaplan et al. 1977 showed that the best inhibitor of β-glucuronidase uptake was mannose-6-
phosphate (by competitive inhibition). 

Addition of mannose-6-phosphate to enzymes permitted cellular uptake and turned out to be the 
same signalling system used by cells for targeting nascent hydrolases to lysosomes from the 
golgi.   



• Current ERT treatments cannot rectify neuropathology because the proteins are unable to cross the 
blood-brain barrier. 

Enzyme Replacement Therapy – First Success

Gaucher’s Disease Type I (non neuropathic): Thought to be a good candidate because development is 
relatively normal, minimal neurological impairment and the main problems of liver and spleen 
enlargement and bone lesions might be reversible if caught early.

Brian Berman: Diagnosed with Gaucher’s in 1983 (Age 3). In 1984 entered 
the first ERT clinical trial run by Roscoe Brady. Brian was the only child 
enrolled. Used glucocerebrosidase isolated from human placental tissue and 
modified with the uptake signal. 

Brian Berman Today: Has joint problems and compromised 
immune system but otherwise healthy. Glucocerebrosidase now 
made using recombinant DNA technology in cell lines and 
modified for human use. Sold as Cerezyme delivered IV 2.5U/kg 
every 2 weeks. Costs $200,000 per annum per patient. 



Allogeneic Hematopoetic Stem Cell Transplant: Not gene therapy but similar principal of cross-correction 
from cells that secrete the normal enzyme. Thousands performed. Very successful in some types 

HSC Therapy for LSDs

Aldenhoven et al. (2015): 56 MPS I (Hurler) patients treated with bone marrow transplants in early 
childhood. Considerable residual disease burden. CNS preservation is dependent on how early provided. 
Overall survival (95.2%) event-free survival (90.3%). Neurological outcomes poor in those patients that 
were already showing signs in infancy. 



Gene Therapy
Ex vivo gene therapy using Autologous HSCT: Lentivirus or Adeno-associated virus vectors. 2010 
(Milan) Non-randomised open-label trial Lentiviral transduction of HSC for the treatment of 
metachromatic leukodystrophy (lack of arylsulfatase – ARSA – [sphingolipidosis]). 2016, Results 
published on 9 patients: stable engraftment and ARSA production including in CSF. Gross Motor 
Function Measurement scores similar to normal, IQ in 8/9 within normal range. 

In vivo gene therapy: adaptive immune response to viral proteins or the transgene are a major problem. 
Liver-directed gene therapy limits response and seems to induce tolerance. Intracranial injections for 
neurological LSDs, infantile neuronal ceroid lipofuscinosis (INCL) and MPSIIIA. INCL trial unsuccessful 
due to lack of immunosuppression. MPSIIIA trial showing reduced neurological decline so far.



Substrate Reduction Therapy (SRT)
• Partial inhibition of substrate biosynthesis reducing impact of disease
• Orally bioavailable small molecule drug
• Penetration to all cells in the body including restricted access sites – bone and brain 
• No adaptive immune response complications
• Very cheap to manufacture 

Development of Miglustat for Niemann-Pick and Gaucher’s Disease

• Glycosphingolipids (GSLs) are synthesised in the Golgi apparatus by the addition of monosaccharides 
to ceramide using glycosyltransferase enzymes

• Once the GSL has finished its job it is normally recycled in the lysosome
• SRT would involve a drug to block the enzyme ceramide glucosyltransferase
• N-alkylated imino sugars mimic the monosaccharides used in biosynthesis and bind to the enzyme
• N-butyl-deoxygalactonojirimycin (NB-DGJ): was found to be effective and had good drug-like properties
• After animal based studies, clinical trials began in 1998 in Type I Gaucher’s Disease
• Approved in 2002 by EMA and 2003 by FDA for mild-moderate GD1 treatment where ERT was not 

recommended
• Subsequent work by the same group led to the development of the improved Eliglustat (FDA approved 

2014, EMA 2015)

(NB-DGJ): Miglustat (Zavesca) Oxford GlycoSciences marketed by Actelion



Genistein – potential novel SRT agent for the 
neuropathic mucopolysaccharidoses

Prof. Grzegorz Wegrzyn

GAG accumulation is reduced in 4 types of MPS by treatment with 10M 
genistein. White - untreated, grey – treated with Aldurazyme, the ERT for MPS 

I, black - 10M genistein.

GAG synthesis inhibited in fibroblasts derived from MPS I 
patient with Increasing concentrations of genistein



Impact of oral genistein on MPSIIIB mouse brain tissue 11 
months 

LAMP = lysosomal associated membrane protein

Dr Brian Bigger

Genistein aglycone 
(160mg/kg/day)
• Improved hair morphology
• Reduced plasma and urine GAG levels
• Improved behaviour
• Reduced neuroinflammation
• Reduced heparan sulphate in the brain



Questions

1. What are the 2 main types of genetic inheritance found in LSDs?

2. Describe the key features of hydrolytic enzyme delivery to the lysosome

3. Why does replacement of the missing enzyme in LSD patients by ERT or gene therapy 
often cause an adaptive immune response against the normal human protein?

4. What was the critical finding in Neufeld’s ‘cross-correction’ experiment 


