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Lysosomal Functions

A Degradation of macromolecules

A Membrane trafficking and homeostasis
A Exocytosis

A Autophagy

A Nutrient sensing

A Calcium signaling
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Lysosomal Storage Diseases

A Over 70 disorders of acid hydrolases and
associated proteins, intracellular trafficking,
membrane transport and function

A Most are autosomal recessive, 3 are X-linked
(Hunter, Fabry, Danon)

A > 1:5 000, most rare

I Fabry the most common in newborn screening

I Increased in some populations (e.g. Gaucher,
Tay-Sachs in Ashkenazi Jews)



A Heterogeneous clinically

A Most are housekeeping proteins- the pattern
of tissue involvement depends on the
substrate distribution

A Most involve multiple organ systems, but
some predominantly involve the brain or
skeleton



Reasons to suspect a LSD

A Coarse facial features

A Neurologic
I Loss of acquired developmental milestones
I Behavioral changes, psychosis
I Seizures
I Ataxia

I Neuropathy, neuropathic pain
I Macrocephaly

A Ophthalmologic

I Corneal clouding, crystals, verticillata
I Ophthalmoplegia (vertical)



A ENT

I Recurrent otitis media, sinusitis
I Macroglossia

A Pulmonary
I Obstruction
I Decreased FVC
A Cardiovascular
I Cardiomyopathy
I Valve disease
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I Hepatomegaly, splenomegaly
I Large umbilical hernia



A Musculoskeletal
I Joint stiffness, limited range of motion
I Madelung deformity
I Dwarfism, kyphosis, dysostosis multiplex

A Dermatologic
I Angiokeratomas
I Excessive Mongolian spots
I Hypohidrosis
A Hematologic
I Anemia
I Thrombocytopenia



General Pathogenic Mechanisms of Lysosomal
Storage Diseases

A Mass effect of lysosomal storage in the cell

A Alteration of plasma membrane dynamics and
signaling

A Altered autophagy

A Abnormal intracellular trafficking

A Inflammation

A Secretion of toxic secondary breakdown products

A Fibrosis

A Organ enlargement

A Infarction

A Secondary storage from cell breakdown and exosome
export



Treatments for Lysosomal Storage Diseases

A Symptomatic and palliative therapies
A Export the stored material

I cystinosis
A Enzyme replacement therapy (ERT)

I MPS I, II, VI, VII, Gaucher (x3), Fabry (x2), Pompe
(x2), Niemann-Pick B

A Substrate reduction therapy
I Gaucher (x2), NPC

A Increase residual enzyme activity
I Fabry (chaperone, migalastat)

A HSCT
I Severe MPS |, MLD, Krabbe



Therapies In or soon to be In trials

A Next generation ERT (Fabry)

A ERT that can cross the BBB (MPS I, II)

A ERT + chaperone (Pompe)

A Substrate reduction (Fabry, gangliosidoses)

A Increase residual activity (NPC, arimoclomol, increases
HSP)

A Gene Therapy

I Exvivo HSCT (MLD, MPS I, MPS Il, Gaucher, Pompe,
Cystinosis)

I AAV gene transfer (Fabry, Gaucher, MPS I, MPS II, MPS lII,
Pompe, Krabbe)

A Improved trafficking (NPC, cyclodextrans)
A Reduce neuroinflammation (NPC, N-acetyl-L-leucine)
A Gene editing






Untreated Cystinosis

A Renal Fanconi with secondary
complications

A Renal failure

A Cornea crystals and photophobia
A Hypothyroidism

A Hypohidrosis

A Male hypogonadism

A Myopathy, pulmonary insufficiency, Gl,
cardiovascular, CNS calcifications

A Variable intellectual disability




Cystinosis
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Fig. 199-5 Patients with nephropathic cystinosis. A, A 20-month-old
girl with sparse blond hair and blue eyes. B, A 9-year-old girl on
cysteamine for 7 years with well-pigmented hair but short stature. C,
A 25-year-old posttransplant patient with evidence of steroid
effects. He later rejected his renal allograft and died of peritonitis.
(Courtesy of National Institutes of Health Clinical Center.)
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Fig. 199-3 Cystine crystals. A, Light microscopy showing conjunc-
tival crystals under cross-polarzing light. B, Electron micrograph of
hexagonal cystine crystals within lysosomes of a Kupffer cell.
% 14,500. C, Scanning electron micrograph showing crystals
protruding from the surface of a Kupffer cell. x1800. (8 and C
courtesy of K.G. Ishak, M.D., Ph.D., Armed Forces Institute of
Pathology, Washington, DC.)
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Cystinosis Pathology and Treatment
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Fig. 19%-4 Mechanism of cystine depletion
by cysteamine. Cystine is stored inside the
cystinotic lysosome because the cystine
carrer in the lysosomal membrane is defec-
tve. Cysteamine tmverses the lysosomal
membrane by wvirtue of its neutral amins
group or via a cysteamine camier. The amins
group acquires a positive charge and is
“trapped' within the acidic lysosome.
Cysteamine then reacts with cystine,
producing cysteine and the mieed disulfide
cysteine-cysteamine, by disuffide inter-
change. Cysteine leaves the cystinotic yso-
some, perhaps via a cysteine camier system.
The mixed disulfide cysteine-cysteamine is
structurally analogous to lysine, and exits
the cystinotic lysosome wvia a lysosomal
lysine carrier, which remains functional in
cystinosis cells.




Cystinosis- Response of the Cornea
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Fig. 199-8 Photographs of comeal cystine crystals before and after
cysteamine eyedrop therapy in cystinosis patients. A, Right eye of a
28-month-old boy before topical cysteamine therapy, showing
abundant crystals. 8, Same eye as in A after 7 months of 0.5%
cysteamine eyedrops administered 8 to 12 times per day, with
clearing of comeal crystals. C, Left eye of 21-yearold woman prior

D

to cysteamine eyedrop therapy. Uniform haziness typifies appear-
ance of cornea at this age. D, Same eye as in C after several months
of diligent therapy with 0.5% cysteamine eyedrops. Comea is clear
to inspection, although crystals remain visible on slit-lamp exam-
ination. (Courtesy of Dr. M.l. Kaiser-Kupfer, National Eye Institute,
National Institutes of Health, Bethesda, Maryland.)




Cystinosis
Long Term Response To Cysteamine Therapy

A If started early enough and patients are
compliant (twice a day dosing with
delayed release formulation), renal
function Is preserved

A Eye pain and photophobia is eliminated
(eye drops)

A Effect on muscle and brain disease
remains to be seen



How would HSCT gene therapy work?
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Mechanism of in vivo lysosomal cross-correction via tunneling nanotubes. Transplanted Ctns' / HSPCs ex vivo transduced
with SIN-LV carrying CTNS-GFP repopulate the bone marrow of Ctns' / imice, 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 (TNTSs) 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 Ctns' / freated by
hematopoietic stem and progenitor cell (HSPC) transplantation (Pediatr Neprhol 34:965-973, 2019)



Gaucher Disease

A Glucocerebrosidase deficiency

A Storage primarily in reticuloendothelial
system

A Diagnosis: enzyme assay, molecular

A Disease Spectrum
I perinatal lethal (null)
I Infantile neuronopathic (type Il)
I later neuropathic (type IlI)
I non-neuronopathic (type I), can be asymptomatic

A Biomarkers- chitotriosidase (~8% null), ACE,
TRAP, lysoGL1 (glucosylsphingosine)



Gaucher Disease Type |

A Incidence

I General population: 1/40,000

I Ashkenazi Jewish 1/600 (common mutation
P.N370S mildest)

A Onset of clinical symptoms: birth to never

A Common clinical manifestations
I Splenomegaly +/- hepatomegaly
I Thrombocytopenia, anemia

| Osteopenia, osteolysis, bone pain, pathologic
fractures

I Increased risk of Parkinson, MGUS and
multiple myeloma



The Enzymatic Defect in Gaucher Disease
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Gaucher Cell




Gaucher Bone Disease




Osteonecrosis




Osteopenia, infarctions, vertebral collapse




Pathologic Fractures




Carbohydrate Unit of Native
Glucocerebrosidase
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Enzymatic Modification of
Glucocerebrosidase (G)
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Patient Response to Enzyme Therapy

Pretreatment Post-treatment
Female; Age 8 Years, 8 Months Female; Age 10 Years, 10 Months

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



Substrate Inhibition

A About as efficacious
long-term as ERT

A Miglustat has problems
with diarrhea and
neuropathy, eliglustat
can interfere with the
metabolism of other
drugs

A Long-term side effects
unknown

A Inadvisable during
pregnancy

Platt et al, JIMD 24:275, 2001
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Mucopolysaccharidosis | (MPS 1)

A Deficiency of lysosomal enzyme
a-L-iduronidase

A Diagnosed by enzyme assay,
suspected by urine MPS analysis

A On the NBS RUSP

A Progressive accumulation of
dermatan and heparan sulfate

A Rare (est. incidence 1:100,000)

A Spectrum- Hurler, Hurler-Scheie,
Scheie (or classic and attenuated
forms)
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Clinical

I\/I P S I Heterogeneity

Attenuated Severe

ASchei ed AHuUTFrSIcehrei eo NHurl er
MPS IS MPS | HS MPS I H

Courtesy of Emil Kakkis, MD.
All patients typically have < 1% of normal enzyme levels,
but only MPS | H involves the CNS



Disease Progression

39 months

22 months 34 months
Photos courtesy of the MPS Society. Patlent Wlth severe MPS I



Carpal tunnel syndrome?

—d

Hepatosplenomegaly

Skeletal deformities
(Gibbus)!

S

Short stature?

®

Cor % U

Umbilical/ inguinal hernia3 Corneal clouding?

1. Courtesy of EmiKakkis, MD.
2. Courtesy of MPS Society.
3. NyhanandOzand 1998. Photo reproduced by permissiorHofidefArnold Publishers.



Fig 3. Skeletal abnormalities (dysostosis multiplex). Dysostosis
multiplex in a 3-year-old child with severe MPS I (Hurler). Note the
spatulate oar-shaped ribs, coxa valga, vertebral body rounding,
irregular metaphyses, wide diaphyses and small epiphyses, and wide,
bullet-shaped metacarpals and phalanges with proximal pointing of
the metacarpals. Printed with permission from Hodder Arnold.

J Peds 144:S3-S14, 2004



CNS Disease In MPS |

With PermissionBiomarin



Hydrocephalus in MPS |
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Upper Airway Obstruction

17 year old Hurler-Scheie patient



Pulmonary Disease

Abnormal oar-shaped ribs,
curved clavicles and scoliosis



Cardiac Disease in MPS |




Joint Restriction and Stiffness

Hip and Knee
restriction and
contractures

Shoulder
restriction and
contractures

Age 17



MPS | Treatment

A ERT

I Improves mobility, organomegaly, airway, ?prevents
cardiac valve damage

I Doesnot help CNS, skeleton
early), cornea, carpal tunnel

A HSCT

I Doesnot help skeleton, cor
I Needs to be done early for the CNS
I Associated morbidity and mortality

A Future-
I ex vivo gene therapy autologous HSCT
I CNS gene therapy
I Fusion protein to use a transporter to enter the CNS
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Pompe Disease (Glycogenosis type II)

A Deficiency of lysosomal acid alpha-glucosidase
(CTAVAY)

A Diagnosis: enzyme assay followed by molecular

A On the NBS RUSP
A Progressive muscle weakness, respiratory failure

A Cardiomyopathy in infantile cases
A Biomarkers- CK, urine Hex4

A Treated with ERT (two approved)



Pompe Disease Pathogenesis
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A Glycogen
storage
primarily affects
muscle tissue

Data on file, Genzyme Corporation.

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

A Major muscle

groups

Cardiac muscle
(infantile)

Proximal skeletal
muscle (esp. in
trunk and lower
limbs)

Respiratory
muscles



Pompe Disease- Progression of Muscle Damage
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Infantile-onset Pompe Disease

A Musculoskeletal

I Profound and
rapidly progressive
muscle weakness

A Cardiac

I Marked
cardiomegaly/
cardiomyopathy

A Respiratory

I Progression to

Data on file, Genzyme Corporation. respl rato ry
iInsufficiency

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



Infantile-onset Pompe Disease

A Cardiomegaly
| Chest x-ray

A Cardiomyopathy
| Echocardiogram

A Progression to cardiac
failure

AEKG abnormalities
I Short PR interval
| Tall QRS complexes

With permission from B. Byrne, MD

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



www.lysosomalstorageresearch.c
Joe Clarke, MD

Sick Kids Toronto



http://www.lysosomalstorageresearch.ca/

Infantile-onset Pompe Disease

A Respiratory distress/
iInsufficiency
| Arterial blood gas
I Sleep studies

A Infections

A Ventilator support

Data on file, Genzyme Corporation.

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.



Late-onset Pompe Disease

AWeakness In the pelvic
girdle muscles
demonstrated by
positive Gowe
maneuver

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



Late-onset Pompe Disease

AAtrophy of scapular
and paraspinal
muscles

capular winging

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



Pompe Disease ERT Results

Cardiac mass

Proportion Alive (%)
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Kishnani et al. Neurology 68:99-109, 2007




Pompe Disease- Variable ERT Response

Good Response

Post-treatment

No Response

isonpic examination

Thurberg et al., Lab Invest.
86:1208-1220, 2006




Pompe- Autopsy of a Patient on ERT

Neuron in
frontal lobe

Purkinje cell Anterior horn
In cerebellu cell in spinal
cord

Thurberg et al., Lab
Invest.
86:1208-1220, 2006




Pompe Disease Response to ERT
Lessons Learned?

A CRIM negative do worse due to antibody
production

I Immune modulation starts when ERT begins

A High titer antibodies impair efficacy in anyone
I May require iImmune modulation

A The longer you wait to start treatment, the worse
the response

A Cardiac muscle responds better than skeletal
muscle

A Infantile onset patients may develop a
neurodegenerative disorder

A Efficacy in later-onset Pompe- mostly stabilization






Anderson-Fabry Disease

A Lysosomal storage of
globotriaosylceramide (GL3, Gb3)

A a-galactosidase A deficiency

A X-linked disorder. Females can be as
severe as males, have late-onset organ
Involvement, or be asymptomatic.

A Incidence:

A1:40-60,000 males, classic form
A1:5-10,000 males, milder variants

A Usually familial



A Onset of symptoms (neuropathic pain,
decreased sweating, Gl, exercise
Intolerance) before age 10 in classic
males.

A Diagnosis usually delayed at least 10
years after symptom onset.

A Disease progression varies enormously,
even In families.

A Untreated- renal failure,
cardiomyopathy, strokes, premature
death

A Diagnosis: enzyme assay (wbc best),
molecular

A Biomarkers: GL3, lysoGL3



Metabolic Defect

Globotriaosylceramide (GL-3)
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Presenting Symptoms in Children
Registry Data
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Hopkin et al., Pediatr Res, 2008



Angiokeratomas

With permission, from R.Desnick PhD, MD



Corneal Opacity

Note Agkeke pattern on cor |
through slitlamp ophthalmoscopy

Courtesy of Genzyme



FabrylLeukoencephalopathy

U950 ADr 19, ZUUS

DFO
/ \ Study Desc

Moore et al., NeurologSci 257:258263, 2007



Fabry vascular disease

Fig. 3 FD hemizygote. Coronary artery branch: frozen section
stained with PAS:; massive Gb3Cer storage in the media and
intima including the endothelium. Obj. x10

J Inherit Metab Dis 31:753, 2008

Figure 5. Branch of the Anterior Cerebral Artery (Luxol-Fast-Blue
and Hematoxylin and Eosin Stains, x100).
A few cells in the endothelium, muscularis, and adventitia contain
densely stained material. The lumen is markedly narrowed by
fibrous tissue.

NEJM 310:106, 1984




Fabry Nephropathy

Progression in Classic Males

A Before birth Podocyte storage

A First and second decade
microalbuminuria, hyperfiltration,
glomerular sclerosis begins

A Third decade onworsening proteinuria,
gl omerul ar scl er osi s
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https://indigo.uic.edu/handle/10027/8105



Figure 1| Globotriaosylceramide (GL-3) inclusions in
glomerular podocytes (arrowhead), endothelial cells (double
arrowhead), and mesangial cells (spiral arrow) from the
kidney biopsy of a Fabry patient (TEM x 11,000).

C, capillary lumen; E, endothelial cell; GBM, glomerular basement
membrane; M, mesangium; PC, podocyte; TEM, transmission
electron microscopy.

Najafianet al, Kidneyint 79:633670, 2011



Mosaicism of Podocyte Involvement in Females



