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Letôs Learn About Lysosomes



Lysosomal Functions

ÅDegradation of macromolecules

ÅMembrane trafficking and homeostasis

ÅExocytosis

ÅAutophagy

ÅNutrient sensing

ÅCalcium signaling



Li P et al, Trends in Biochemical Sciences 44:110, 2019



Lysosomal Storage Diseases

ÅOver 70 disorders of acid hydrolases and 

associated proteins,  intracellular trafficking, 

membrane transport and function

ÅMost are autosomal recessive, 3 are X-linked 

(Hunter, Fabry, Danon)

Å> 1:5,000, most rare

ïFabry the most common in newborn screening

ïIncreased in some populations (e.g. Gaucher, 

Tay-Sachs in Ashkenazi Jews)



ÅHeterogeneous clinically

ÅMost are housekeeping proteins- the pattern 

of tissue involvement depends on the 

substrate distribution

ÅMost involve multiple organ systems, but 

some predominantly involve the brain or 

skeleton



Reasons to suspect a LSD

ÅCoarse facial features

ÅNeurologic 

ïLoss of acquired developmental milestones

ïBehavioral changes, psychosis

ïSeizures

ïAtaxia

ïNeuropathy, neuropathic pain

ïMacrocephaly

ÅOphthalmologic

ïCorneal clouding, crystals, verticillata

ïOphthalmoplegia (vertical)



ÅENT

ïRecurrent otitis media, sinusitis

ïMacroglossia

ÅPulmonary

ïObstruction

ïDecreased FVC

ÅCardiovascular

ïCardiomyopathy

ïValve disease

ÅGI

ïHepatomegaly, splenomegaly

ïLarge umbilical hernia



ÅMusculoskeletal

ïJoint stiffness, limited range of motion

ïMadelung deformity

ïDwarfism, kyphosis, dysostosis multiplex

ÅDermatologic

ïAngiokeratomas

ïExcessive Mongolian spots

ïHypohidrosis

ÅHematologic

ïAnemia

ïThrombocytopenia



General Pathogenic Mechanisms of Lysosomal 

Storage Diseases

ÅMass effect of lysosomal storage in the cell

ÅAlteration of plasma membrane dynamics and 

signaling 

ÅAltered autophagy

ÅAbnormal intracellular trafficking

ÅInflammation

ÅSecretion of toxic secondary breakdown products

ÅFibrosis

ÅOrgan enlargement

ÅInfarction

ÅSecondary storage from cell breakdown and exosome 

export



Treatments for Lysosomal Storage Diseases

ÅSymptomatic and palliative therapies

ÅExport the stored material

ïcystinosis

ÅEnzyme replacement therapy (ERT)

ïMPS I, II, VI, VII, Gaucher (x3), Fabry (x2), Pompe

(x2), Niemann-Pick B

ÅSubstrate reduction therapy

ïGaucher (x2), NPC

ÅIncrease residual enzyme activity

ïFabry (chaperone, migalastat)

ÅHSCT

ïSevere MPS I, MLD, Krabbe



Therapies in or soon to be in trials

ÅNext generation ERT (Fabry)

ÅERT that can cross the BBB (MPS I, II)

ÅERT + chaperone (Pompe)

ÅSubstrate reduction (Fabry, gangliosidoses)

ÅIncrease residual activity (NPC, arimoclomol, increases 

HSP)

ÅGene Therapy

ïEx vivo HSCT (MLD, MPS I, MPS II, Gaucher, Pompe, 

cystinosis)

ïAAV gene transfer (Fabry, Gaucher, MPS I, MPS II, MPS III, 

Pompe, Krabbe)

ÅImproved trafficking (NPC, cyclodextrans)

ÅReduce neuroinflammation (NPC, N-acetyl-L-leucine)

ÅGene editing





Untreated Cystinosis
ÅRenal Fanconi with secondary 

complications

ÅRenal failure

ÅCornea crystals and photophobia

ÅHypothyroidism

ÅHypohidrosis

ÅMale hypogonadism

ÅMyopathy, pulmonary insufficiency, GI, 

cardiovascular, CNS calcifications

ÅVariable intellectual disability



Cystinosis

MMBID
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Cystinosis Pathology and Treatment

MMBID



Cystinosis- Response of the Cornea



Cystinosis
Long Term Response To Cysteamine Therapy

ÅIf started early enough and patients are 

compliant (twice a day dosing with 

delayed release formulation), renal 

function is preserved

ÅEye pain and photophobia is eliminated 

(eye drops)

ÅEffect on muscle and brain disease 

remains to be seen



How would HSCT gene therapy work?

Mechanism of in vivo lysosomal cross-correction via tunneling nanotubes. Transplanted Ctnsī/īHSPCs ex vivo transduced 

with SIN-LV carrying CTNS-GFP repopulate the bone marrow of Ctnsī/īmice, migrate into the kidney where they differentiate 

into macrophages. Affected proximal tubular cells (PTCs) are protected from the extracellular environment by the tubular 

basement membrane (TBM). The rescue of PTCs requires that macrophages extend tunneling nanotubes (TNTs) crossing the 

TBM to deliver functional cystinosin-bearing lysosomes and may be take away the endogenous cystine-loaded lysosomes 

(never shown in vivo) from the PTCs, accounting for the long-term recue of the proximal tubules in Ctnsī/ītreated by 

hematopoietic stem and progenitor cell (HSPC) transplantation (Pediatr Neprhol 34:965-973, 2019)



Gaucher Disease

ÅGlucocerebrosidase deficiency

ÅStorage primarily in reticuloendothelial 

system

ÅDiagnosis: enzyme assay, molecular

ÅDisease Spectrum 

ïperinatal lethal (null)

ïinfantile neuronopathic (type II) 

ïlater neuropathic (type III)

ïnon-neuronopathic (type I), can be asymptomatic

ÅBiomarkers- chitotriosidase (~8% null), ACE, 

TRAP, lysoGL1 (glucosylsphingosine)



Gaucher Disease Type I

ÅIncidence
ïGeneral population:  1/40,000

ïAshkenazi Jewish 1/600 (common mutation 
p.N370S mildest)

ÅOnset of clinical symptoms:  birth to never

ÅCommon clinical manifestations
ïSplenomegaly +/- hepatomegaly

ïThrombocytopenia, anemia

ïOsteopenia, osteolysis, bone pain, pathologic 
fractures

ïIncreased risk of Parkinson, MGUS and 
multiple myeloma



The Enzymatic Defect in Gaucher Disease
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The Pathophysiology of Gaucher Disease
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Gaucher Cell

Photo:  Property of Genzyme



Gaucher Bone Disease



Osteonecrosis



Osteopenia, infarctions, vertebral collapse



Pathologic Fractures



Carbohydrate Unit of Native 

Glucocerebrosidase

= Gal, = Man, = L-Fuc,

= GlcNAc, = NeuNAc

Key:



Enzymatic Modification of 

Glucocerebrosidase (G)
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NeuNAc = Nacetyl Neuraminic Acid



Carbohydrate Unit of Mannose 

Terminated Glucocerebrosidase

Key: Man, GlcNAc, L-Fuc,
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Pretreatment

Female; Age 8 Years, 8 Months

Post-treatment

Female; Age 10 Years, 10 Months

Patient Response to Enzyme Therapy

Courtesy of NW Barton. Developmental and Metabolic Neurology Branch of the NINDS.



Substrate Inhibition

ÅAbout as efficacious 

long-term as ERT

ÅMiglustat has problems 

with diarrhea and 

neuropathy, eliglustat 

can interfere with the 

metabolism of other 

drugs

ÅLong-term side effects 

unknown

ÅInadvisable during 

pregnancy

Glucosyltransferase 

inhibitors

miglustat

eliglustat

lucerastat

venglustat

Platt et al, JIMD 24:275, 2001



Mucopolysaccharidosis I (MPS I)

ÅDeficiency of lysosomal enzyme 

a-L-iduronidase

ÅDiagnosed by enzyme assay, 

suspected by urine MPS analysis

ÅOn the NBS RUSP

ÅProgressive accumulation of 

dermatan and heparan sulfate

ÅRare (est. incidence 1:100,000)

ÅSpectrum- Hurler, Hurler-Scheie, 

Scheie (or classic and attenuated 

forms)

Age 5



MMBID



ñScheieò 

MPS I S

ñHurlerò 

MPS I H

All patients typically have < 1% of normal enzyme levels,

but only MPS I H involves the CNS

ñHurler-Scheieò 

MPS I HS

MPS I
Clinical 

Heterogeneity

SevereAttenuated

Courtesy of Emil Kakkis, MD.



Disease Progression

10 months 12 months

22 months 34 months

Photos courtesy of the MPS Society. Patient with severe MPS I

39 months



Hepatosplenomegaly2Skeletal deformities 

(Gibbus)1

Corneal clouding3

MPS I

Umbilical/ inguinal hernia 3

Carpal tunnel syndrome2

Signs &
Symptoms

Short stature2

1. Courtesy of Emil Kakkis, MD. 

2. Courtesy of MPS Society.

3. Nyhanand Ozand, 1998. Photo reproduced by permission of Hodder/Arnold Publishers.



J Peds 144:S3-S14, 2004



CNS Disease in MPS I

With Permission, Biomarin



Hydrocephalus in MPS I

With Permission, Biomarin



Upper Airway Obstruction

17 year old Hurler-Scheie patient



Pulmonary Disease

Trach

Abnormal oar-shaped ribs, 

curved clavicles and scoliosis



Cardiac Disease in MPS I



Joint Restriction and Stiffness

Hip and Knee 
restriction and 
contractures

Shoulder 
restriction and 
contractures

Age 17 Age 12



MPS I Treatment

ÅERT

ïImproves mobility, organomegaly, airway, ?prevents 

cardiac valve damage

ïDoesnôt help CNS, skeleton (maybe if started very 

early), cornea, carpal tunnel

ÅHSCT

ïDoesnôt help skeleton, cornea, carpal tunnel

ïNeeds to be done early for the CNS

ïAssociated morbidity and mortality

ÅFuture-

ïex vivo gene therapy autologous HSCT

ïCNS gene therapy

ïFusion protein to use a transporter to enter the CNS



Salvador Dal², ñDesoxyribonucleic Acid Arabsò



ÅDeficiency of lysosomal acid alpha-glucosidase 

(GAA)

ÅDiagnosis: enzyme assay followed by molecular

ÅOn the NBS RUSP

ÅProgressive muscle weakness, respiratory failure

ÅCardiomyopathy in infantile cases

ÅBiomarkers- CK, urine Hex4

ÅTreated with ERT (two approved)

OVERVIEW

Pompe Disease (Glycogenosis type II)



Pompe Disease Pathogenesis

Raben N, et al. Curr Mol Med. 2002;2:145-166.

PATHOLOGY



ÅGlycogen 

storage 

primarily affects 

muscle tissue

ÅMajor muscle 

groups

ïCardiac muscle 

(infantile)

ïProximal skeletal 

muscle (esp. in 

trunk and lower 

limbs)

ïRespiratory 

muscles

Glycogen accumulation in

skeletal muscle

Glycogen accumulation in 

cardiac muscle

Data on file, Genzyme Corporation.

Data on file, Genzyme Corporation.

Hirschhorn R, et al. In: The Metabolic and Molecular Bases of Inherited Disease. 2001:3389-3420.

PATHOLOGY



Pompe Disease- Progression of Muscle Damage

Thurberg et al., Lab 

Invest. 86:1208-1220, 

2006



Raben N, et al. Curr Mol Med. 2002;2:145-166.

PATHOLOGY



Data on file, Genzyme Corporation.

Infantile-onset Pompe Disease

ÅMusculoskeletal
ïProfound and 

rapidly progressive 
muscle weakness

ÅCardiac
ïMarked 

cardiomegaly/
cardiomyopathy

ÅRespiratory
ïProgression to 

respiratory 
insufficiency

Hirschhorn R, et al. In: The Metabolic and Molecular Bases of Inherited Disease. 2001:3389-3420.

CLINICAL 

PRESENTATION



Hirschhorn R, et al. In: The Metabolic and Molecular Bases of Inherited Disease. 2001:3389-3420.

With permission from B. Byrne, MD

ÅCardiomegaly
ïChest x-ray

ÅCardiomyopathy

ïEchocardiogram

ÅProgression to cardiac 
failure

ÅEKG abnormalities

ïShort PR interval

ïTall QRS complexes

CLINICAL 

PRESENTATION

Infantile-onset Pompe Disease



www.lysosomalstorageresearch.ca

Joe Clarke, MD

Sick Kids Toronto

http://www.lysosomalstorageresearch.ca/


Hirschhorn R, et al. In: The Metabolic and Molecular Bases of Inherited Disease. 2001:3389-3420.

Raben N, et al. Curr Mol Med. 2002;2:145-166. 

ÅRespiratory distress/

insufficiency

ïArterial blood gas

ïSleep studies

ÅInfections

ÅVentilator support

Data on file, Genzyme Corporation.

CLINICAL 

PRESENTATION

Infantile-onset Pompe Disease



ÅWeakness in the pelvic 

girdle muscles 

demonstrated by 

positive Gowerôs 

maneuver

Hirschhorn R, et al. In: The Metabolic and Molecular Bases of Inherited Disease. 2001:3389-3420.

CLINICAL 

PRESENTATION

Late-onset Pompe Disease



Hirschhorn R, et al. In: The Metabolic and Molecular Bases of Inherited Disease. 2001:3389-3420.

ÅAtrophy of scapular 

and paraspinal 

muscles

ÅScapular winging

Courtesy of Dr Herman F.M. Busch,

Erasmus MC, Rotterdam, The Netherlands.

CLINICAL 

PRESENTATION

Late-onset Pompe Disease



Pompe Disease ERT Results

Kishnani et al. Neurology 68:99-109, 2007

Cardiac mass



Pompe Disease- Variable ERT Response

Good Response

No Response

Thurberg et al., Lab Invest. 

86:1208-1220, 2006



Pompe- Autopsy of a Patient on ERT

Thurberg et al., Lab 

Invest. 

86:1208-1220, 2006

Purkinje cell 

in cerebellum

Neuron in 

frontal lobe

Anterior horn 

cell in spinal 

cord



Pompe Disease Response to ERT
Lessons Learned?

ÅCRIM negative do worse due to antibody 

production

ïImmune modulation starts when ERT begins

ÅHigh titer antibodies impair efficacy in anyone

ïMay require immune modulation

ÅThe longer you wait to start treatment, the worse 

the response

ÅCardiac muscle responds better than skeletal 

muscle

ÅInfantile onset patients may develop a 

neurodegenerative disorder

ÅEfficacy in later-onset Pompe- mostly stabilization





Anderson-Fabry Disease

ÅLysosomal storage of 
globotriaosylceramide (GL3, Gb3)

Åa-galactosidase A deficiency

ÅX-linked disorder.  Females can be as 
severe as males, have late-onset organ 
involvement, or be asymptomatic.

ÅIncidence:  
Å1:40-60,000 males, classic form

Å1:5-10,000 males, milder variants

ÅUsually familial



ÅOnset of symptoms (neuropathic pain, 
decreased sweating, GI, exercise 
intolerance) before age 10 in classic 
males.

ÅDiagnosis usually delayed at least 10 
years after symptom onset.

ÅDisease progression varies enormously, 
even in families.

ÅUntreated- renal failure, 
cardiomyopathy, strokes, premature 
death

ÅDiagnosis: enzyme assay (wbc best), 
molecular

ÅBiomarkers: GL3, lysoGL3



Metabolic Defect
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Presenting Symptoms in Children
Registry Data

Hopkin et al., Pediatr Res, 2008



Angiokeratomas

With permission, from R.J. Desnick, PhD, MD



Corneal Opacity

Note ñspoke-likeò pattern on cornea, visible 
through slit-lamp ophthalmoscopy

Courtesy of Genzyme



FabryLeukoencephalopathy

Moore et al., J NeurologSci 257:258-263, 2007



Fabry vascular disease

J Inherit Metab Dis 31:753, 2008 NEJM 310:106, 1984



Fabry Nephropathy 
Progression in Classic Males

ÅBefore birth- Podocyte storage

ÅFirst and second decade-

microalbuminuria,  hyperfiltration, 

glomerular sclerosis begins

ÅThird decade on- worsening proteinuria, 

glomerular sclerosis Ÿ renal failure



https://indigo.uic.edu/handle/10027/8105



Najafianet al, Kidney Int 79:633-670, 2011



Mosaicism of Podocyte Involvement in Females


