Storage, Stress, & Systemic Damage:

Understanding Lysosomal Storage Diseases

When the Cell
Cannot Clear

A family of inherited metabolic
disorders caused by lysosomal
dysfunction, leading to
substrate accumulation,
cellular stress, and
progressive organ damage'.

Gangliosidoses and
Sphingolipidoses

Pathogenesis across

disease types

Tay-Sachs, Gaucher,
Niemann-Pick, Pompe

PATHOLOGY FEATURE

DID YOU KNOW?

Lysosomal storage
diseases (LSD) are a
family of more than 50
inherited metabolic
disorders .



What are Lysosomal Storage Diseases?

Lysosomal storage diseases are a group of
inherited metabolic disorders caused by
defects in proteins required for normal
lysosomal function. Depending on the
disease, the defect may involve a lysosomal
enzyme, a membrane trafficking protein, or a
lipid transport protein, leading to progressive
intracellular substrate accumulation and cell
injury .

As undegraded material accumulates,
lysosomes enlarge and normal cellular
homeostasis becomes disrupted. Over time,
this contributes to cellular stress,
inflammation, and organ dysfunction,
especially in tissues with high metabolic
demand such as the brain, liver, spleen, bone
marrow, and visceral organs *.
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Section: Introduction

Stylized lysosome showing
substrate accumulation in LSD

The disorders highlighted in this
project—Tay Sachs disease, Niemann-
Pick diseases A/B, Gaucher disease,
GMI1 gangliosidosis, and Pompe disease
—illustrate both the diversity and the
shared biology of lysosomal storage
disease.

Although each has a distinct molecular
defect and substrate, all reflect a
common pathologic principle: impaired
lysosomal function leads to
intracellular accumulation and
progressive systemic or neurological
disease. Supported collectively by
disease specific primary studies **.



Etiology: Where the Defect Begins

The etiology of lysosomal storage disease is
genetic °. Most are inherited in an
autosomal recessive manner and arise from
pathogenic variants in genes encoding
proteins needed for lysosomal degradation
or intracellular lipid trafficking.

In Tay-Sachs disease, mutations in HEXA
reduce or abolish hexosaminidase A
activity, preventing normal degradation of
GM2 ganglioside leading to its
accumulation, particularly in neurons ".

In acid sphingomyelinase deficiency, which
includes Niemann-Pick disease types A and
B, mutations in SMPD1 impair acid
sphingomyelinase, leading to
sphingomyelin accumulation. Type A is the
severe neurovisceral form, while type B is
generally more chronic and visceral °.

g\ﬂ \\1 Mutations

Lysosomal enzyme genes

/ \ — Nucleus
1\ \D /— Lysosomal enzyme genes

(Deficiency or malfunction)

Lysosomal enzyme genes

e —_
. 9(—%@,,» _@';)ri |
- | S Y/l >
—\> Q\ - @N ,,)/‘/O/‘ >
g
e

In Niemann-Pick disease type C, the defect
is different: mutations in NPC1 or NPC2
disrupt intracellular cholesterol and lipid
trafficking rather than directly eliminating a
degradative enzyme. This produces
abnormal lysosomal storage of unesterified
cholesterol and glycosphingolipids 2.

In Gaucher's disease, mutations affecting
glucocerebrosidase cause impaired
breakdown of glucosylceramide, producing
lipid-laden macrophages and progressive
systemic disease °.

In GM1 gangliosidosis, mutations in GLB1
cause deficiency of beta-galactosidase,
resulting in lysosomal accumulation of GM1
ganglioside and related glycoconjugates,
especially within the nervous system *.

Despite their molecular differences, these
diseases share the same etiologic principle:
an inherited defect in lysosomal function
leads to progressive substrate storage and
tissue damage *°.

IR
\ £

Substrate degradation Lysosomal storage disease



SPHINGOLIPIDOSES

When Lipids
Accumulate
and Neurons
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A class of lysosomal storage disease is
sphingolipidoses. It is characterized by the
accumulation of sphingolipids due to
mutations in genes encoding lysosomal
hydrolases ™. As sphingolipids are primarily Disease

involved in membranes, it will accumulate " Enzyme Deficiency
primarily in the brain and cause neurologic e :
diseases .
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Structure of Sphingolipids
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Sphingolipidoses are classified according
to the individual sphingolipid
accumulating and not the defective gene
" In fact, sphingolipids have a distinct
structure that makes them amphipathic
(both hydrophobic and hydrophilic) *.
They begin with a backbone structure
called the “sphingoid base”, which is a
long-chain amino alcohol 7. The most
common sphingoid bases include
sphingosine, dihydrosphingosine and
phytosphingosine. This component gives
sphingolipids their hydrophobic
properties . A fatty acid chain will attach
to the amino group of the sphingoid base
by an amide bond, producing a ceramide
'°, This molecule is considered the central
building block of all complex
sphingolipids '°. To create distinct classes
of sphingolipids, different polar head
groups attach to the hydroxyl group of
ceramide, allowing it to have different
chemical properties, membrane
interactions and biological functions '*
Different sphingolipids are found all over
the body and deficiencies in enzymes or
activator proteins that degrade specific
sphingolipids lead to different diseases "

DID YOU KNOW? SPHINGOLIPIDS WERE FIRST

DISCOVERED IN BRAIN TISSUE AND NAMED AFTER

MYSTERIOUS TO SCIENTISTS AT THE TIME.
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GM1

Signs and Symptoms

GMI gangliosidosis is classified into three primary subtypes—Type I
(infantile), Type II (late-infantile/juvenile), and Type III (adult/chronic)
—based on the age of symptom onset and clinical severity ****. Type I
is the most severe form, appearing by six months of age with
developmental regression, an exaggerated startle response, and a
"cherry-red" spot on the macula in approximately 50% of patients ** .,
Affected infants also develop hepatosplenomegaly, coarse facial
features, and skeletal abnormalities known as dysostosis multiplex 2.
Type II presents later, with late-infantile patients meeting early
milestones before regressing between 12 and 24 months, while juvenile
patients typically show signs like unsteady gait and speech slurring
between ages three and five *. Type III represents the mildest form,
often affecting individuals of Japanese descent with symptoms
emerging in the teens, primarily characterized by involuntary muscle
tensing (dystonia) and vertebral abnormalities *'. Across all types,
patients may experience progressive neurological decline, including

seizures and visual loss due to corneal clouding or retinal degeneration
6 20-22



ETIOLOGY

The etiology of GMI gangliosidosis
involves monogenic mutations in the \Q

GLBI gene located on the short arm of &

chromosome 3 (3p21.33) *. This gene

provides the genetic instructions for the

lysosomal enzyme acid beta-galactosidase GLB1 gene (€ hromosome 3)
(B-gal), which is essential for the

catabolism of GM1 gangliosides *. The

disorder follows an autosomal recessive

inheritance pattern, meaning an

individual must inherit two mutated —

copies of the GLBI gene to manifest the

disease * . More than 200 pathogenic

variants have been identified, with

missense and nonsense mutations being

the most prevalent *°. While the general \
incidence is estimated between 1 in \

/‘
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100,000 and 200,000 live births, certain B-galactosidase /.
populations show significantly higher o 4
rates due to founder effects, including ——

those in Malta, Cyprus, and Brazil, as —

well as the Roma community *.
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Pathogenesis

The pathogenesis of GMI gangliosidosis is driven by the
deficiency or total absence of beta-galactosidase activity,
which prevents the degradation of GM1 gangliosides and
other glycoconjugates within lysosomes *°**, These
undigested substrates build up to toxic levels, causing
lysosomes to distend and form "membranous cytoplasmic
bodies" that displace normal cellular organelles *'. This
accumulation triggers several secondary pathological events,
including endoplasmic reticulum (ER) stress and the
activation of the unfolded protein response (UPR) due to the

depletion of ER calcium stores *'.

ER stress / UPR
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Furthermore, abnormal
membrane contact sites
between the ER and
mitochondria lead to
mitochondrial calcium overload
and subsequent neuronal
apoptosis *'. These processes
result in widespread
neuroinflammation
characterized by microgliosis
and astrogliosis, along with
significant myelin pathology,
such as hypomyelination or
dysmyelinogenesis, which
ultimately leads to profound
neurodegeneration .

£ Q
« - overload f§

J/
N4



Treatment Ladder / Pipeline for
GM1 Gangliosidosis

Symptomatic / palliative care
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nutrition support

Experimental therapies

Pharmacological

Substrate Reduction
Therapy (SRT) Chaperone Therapy
(PCT)

v SR> | QP

=

Enzyme Replacement
Therapy (ERT)

limited by blood-
brain barrier

J ganglioside synthesis stabilizes enzyme

Gene therapy (AAV-GLB1)

Q AL o
o \7\‘
@<
k_ w‘:;;)/I )‘;‘W X

restored enzyme function

TREATMENT: A MAJOR BREAKTHROUGH

There are currently no FDA-approved
curative treatments for GMI gangliosidosis,
so management is primarily symptomatic
and palliative *'. This includes the use of
anti-convulsants to control seizures and
gastrostomy tubes to ensure adequate
nutrition and hydration *'. Experimental
approaches being explored include
Substrate Reduction Therapy (SRT), which
uses small molecules like miglustat to
inhibit the biosynthesis of gangliosides and
slow neurological progression .
Pharmacological Chaperone Therapy (PCT)
employs molecules such as NOEV to
stabilize misfolded mutant enzymes and
enhance their delivery to the lysosome *°.
While Enzyme Replacement Therapy (ERT)
can reduce the disease burden in visceral
organs, it is generally unable to penetrate
the blood-brain barrier to treat neurological
symptoms *°. Gene therapy using adeno-
associated virus (AAV) vectors to deliver a
functional GLBI gene has shown significant
promise in animal models and is currently
being evaluated in multiple Phase 1/11
human clinical trials *.

DID YOU KNOW?
GM1 GANGLIOSIDOSIS OCCURS NATURALLY IN CATS AND DOGS,
MAKING IT ONE OF THE FEW GENETIC DISEASES STUDIED USING REAL-

WORLD ANIMAL MODELS TO ADVANCE GENE THERAPY RESEARCH.

9



Enlarged brain
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TAY-SACHS
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wons and Symptoms

Tay-Sachs disease is categorized into infantile, juvenile, and adult-onset
forms based on the age when symptoms first appear **. The most
severe infantile form typically presents between three and six months
of age with initial signs like mild motor weakness, irritability, and an
exaggerated startle response to loud noises **. A hallmark clinical
finding is a "cherry-red spot' in the macula of the retina, which is
nearly specific to the condition and results in progressive vision loss **.
As the disease advances, infants experience developmental regression,
losing motor skills such as sitting up or crawling, followed by refractory
seizures, macrocephaly, and an eventual vegetative state **. Juvenile
Tay-Sachs presents later in childhood with ataxia and incoordination,
while the rare adult form progresses much more slowly and frequently
involves psychiatric symptoms like depression or psychosis alongside
motor dysfunction *.



Carrier Parent

(HEXA gene)
_ DID YOU KNOW? ONE OF THE MOST
wildtype/normal @ SUCCESSFUL GENETIC SCREENING
mutated HEXA n PROGRAMS IN HISTORY HAS REDUCED THE

INCIDENCE OF TAY-SACHS DISEASE BY

OVER 90% IN HIGH-RISK POPULATIONS
G O THROUGH EARLY CARRIER DETECTION.
Nn

Nn

Tay-Sachs disease is an autosomal
recessive lysosomal storage disorder
caused by mutations in the HEXA gene
2, This gene, located on chromosome
15 (15g23), provides the instructions
25% 50% for producing the alpha subunit of the
enzyme beta-hexosaminidase A (Hex
N :- A) *'. Over 130 different mutations
Unaffected Carrier have been identified in the HEXA gene,
(N N) (Nn) including deletions and insertions that

result in varying degrees of enzyme
o )
50% 25% deficiency #*. While rare in the general

ladi .
:. Affected p.Opl.l ation, th.e disease has a . .
. significantly higher frequency in certain
Carrier (nn) - darly individuals of
(Nn) groups, particularly individuals o
Ashkenazi Jewish heritage, where
approximately 1 in 30 people are
carriers **. Other high-risk populations
include Cajun communities in
Louisiana, French Canadians in
Quebec, and Old Order Amish
communities in Pennsylvania **.

Affected Carrier Carrier Unaffected
(nn) (Nn) (Nn) (NN)
25% A 50% C 50% C 25% U



Pathogenesis

¥

Hex A Enzyme Active

The pathogenesis of Tay-Sachs centers on a é *_’ﬁ;‘u;:,
deficiency of the enzyme Hex A, which is essential b

for the degradation of GM2 gangliosides **. Without v
. . Breakdown of GM2 Ganglioside
functional Hex A, these complex fatty substances fail Accumulation
to be broken down and instead accumulate to toxic X
levels within the lysosomes of neurons **, —
l eurons
Normal Brain Hhea Lysosomal
Function Damage

HISTOLOGICAL COMPARISON OF |
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This massive accumulation
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A\ Ak % nervous system, leading to the
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" CLEARCYTOPLASM ballooning" of neurons with
, (nostorage material) cytoplasmic vacuoles and

distended lysosomes **. The
resulting cellular toxicity
precipitates widespread
neurodegeneration, reactive
cerebral gliosis, and microglia
proliferation **. These
pathological processes disrupt
normal adaptation of neuronal
circuits, eventually causing the
destruction of nerve cells in the
brain and spinal cord **.
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In Tay-Sachs disease, a deficiency in the Hexosaminidase A enzyme leads to the progressive
accumulation of GM2 gangliosides in neurons, causing cellular dysfunction and ballooning.



Treatments

There is currently no cure for Tay-Sachs disease,
g _ and management remains primarily supportive
and palliative **. Standard care includes the use of
multiple antiepileptic medications to control
‘ progressive seizures, airway protection, and the
[ use of gastrostomy tubes to ensure adequate
-

nutrition and prevent aspiration **.

Experimental modalities such as Enzyme
Replacement Therapy (ERT) are being

explored, though their effectiveness is . [—
currently limited by the inability of the : “
enzyme to cross the blood-brain barrier . ®se /s
Substrate Reduction Therapy (SRT) using - @ @
miglustat has shown success in mouse models - o

but has not yet been approved by the FDA for
human Tay-Sachs treatment .

Gene therapy using adeno-
associated virus (AAV) vectors is

@ \ considered an excellent potential
option for the future, though
researchers still face challenges in

effectively delivering the two

subunits required for the Hex A
enzyme **,
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Created in BioRender.com

Left: A missing lysosomal enzyme causes fatty molecules to build up inside cells in
Gaucher disease. Right: This buildup creates the distinctive “wrinkled tissue paper”
appearance seen in Gaucher cells within the liver.

Lysosomal storage disorders are inherited metabolic
diseases characterized by the accumulation of substrates
within lysosomes due to defective degradative enzymes '’
These disorders frequently involve abnormalities in lipid
metabolism, particularly sphingolipids, leading to
progressive cellular and organ dysfunction. Among these
conditions, Gaucher disease and Niemann-Pick disease
types A and B serve as key examples of how enzyme
deficiencies disrupt normal metabolic pathways. These
diseases fall under a broader class of lipid storage disorders
associated with impaired lysosomal function *

14

WHAT IS GAUCHER DISEASE

Gaucher disease is an autosomal recessive disorder caused
by mutations in GBA1 gene, the gene encoding
glucocerebrosidase, a lysosomal enzyme responsible for
breaking down glucosylceramide into ceramide and glucose
7 When this enzyme is deficient, glucocerebroside and
glycosylceramide accumulates within macrophages,
particularly in the liver, spleen, and bone marrow. These
lipid-laden macrophages, known as Gaucher cells, exhibit a
characteristic “wrinkled paper” cytoplasmic appearance
due to distended lysosomes */
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The accumulation of Gaucher cells
leads to hepatosplenomegaly, bone
marrow infiltration, and skeletal
abnormalities. Importantly, disease
progression is not solely due to lipid
storage but also involves activation of
macrophages and increased
production of inflammatory cytokines
such as interleukin-1, interleukin-6,
and tumor necrosis factor,
contributing to systemic
manifestations **.

CLINCAL VARIANTS OF GAUCHER
DISEASE

Gaucher disease presents in three
main forms *. Type 1, the most
common and non-neuronopathic
form, is characterized by
hepatosplenomegaly, cytopenias, and
significant skeletal involvement,
including osteopenia, lytic lesions, and
osteonecrosis, without central
nervous system involvement. In
contrast, types 2 and 3 are
neuronopathic forms. Type 2 presents
in infancy with severe neurological
deterioration and early death, while
type 3 has a later onset with milder
but progressive neurologic symptoms.

This disease is particularly prevalent
among individuals of Ashkenazi
Jewish descent and is strongly
associated with an increased risk of
Parkinson disease. Diagnosis is
typically confirmed through enzyme
assays and genetic testing, and
treatment strategies include enzyme
replacement therapy, substrate
reduction therapy, and emerging
gene-based approaches *°.
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Glycosphingolipids

NIEMANN-PICK DISEASE TYPES A AND
B: SPHINGOMYELIN ACCUMULATION

. Niemann-Pick disease types A and B are also
Glucczéﬂcceggm'de autosomal recessive lysosomal storage
disorders, but they result from deficiency of
acid sphingomyelinase *°. They are caused by
a gene missense mutation of the
sphingomyelin phosphodiesterase 1 (SMPD1)
v genes on chromosome 11p15 . This enzyme
Glucose + Ceramide (Cer) normally catalyzes the breakdown of
sphingomyelin into ceramide and
phosphocholine. When deficient,
sphingomyelin accumulates within lysosomes,
leading to the formation of lipid-laden foam
cells and disruption of normal cellular

30
Created in BioRender.com bio processes .

In addition to sphingomyelin, other lipids

such as cholesterol and glycosphingolipids

accumulate, contributing to altered

membrane structure, impaired cell signaling,
> and widespread organ dysfunction.
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Sphingomyelinase
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&

accumulation
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NIEMANN-PICK DISEASE

Iype A

Cherry red spot

TYPE A NIEMANN-PICK DISEASE: THE
SEVERE NEUROVISCERAL FORM

Type A Niemann-Pick disease is the most severe form and
typically presents in infancy *°. Affected infants appear
normal at birth but develop hepatosplenomegaly and
developmental delay within the first few months of life *.
As the disease progresses, rapid neurodegeneration occurs,
characterized by loss of developmental milestones (ie.
smiling, neck holding), hypotonia, and decreased
responsiveness *.

A classic clinical feature observed in approximately half of
patients is a cherry-red spot in the macula *. Histological
examination reveals lipid-rich foamy cells, while electron
microscopy shows characteristic “zebra bodies” **. The
disease progresses rapidly, and most affected children die
by three years of age, commonly due to respiratory failure
following pulmonary infection **. Currently, management is
supportive, focusing on symptom control and quality of
life. Some of which are nutritional care, respiratory care
and physical therapy. The ultimate goal is to raise
awareness to note the clinical features and diagnostic
indicators of Niemann-Pick disease that can lead to earlier
detection and intervention, allowing positive patient
outcomes and quality of life.

Organ involvement

Neurological decline

loss

of milestones

hypotonia
(floppy posture)



NIEMANN-PICK DISEASE

Iype B

Healthy Organs
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Low
blood cells
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Niemann-Pick Disease Type B

TYPE B NIEMANN-PICK DISEASE: THE
CHRONIC SYSTEMIC FORM

In contrast, type B Niemann-Pick disease is a less severe,
non-neuronopathic form with residual enzyme activity and
a more variable clinical course. Patients commonly present
with hepatosplenomegaly, growth delay, and pulmonary
involvement, including interstitial lung disease and impaired
oxygen diffusion *.

Hematologic abnormalities such as thrombocytopenia and
leukopenia are frequently observed, along with dyslipidemia
characterized by elevated low-density lipoprotein and
triglycerides and reduced high-density lipoprotein levels **.
Although neurological involvement is typically absent, some
variant forms may present with mild neurologic features.

Over time, patients may develop serious complications,
including liver failure, pulmonary infections, splenic
rupture, and cardiovascular disease *'. Thus, type B
Niemann-Pick disease represents a chronic but potentially

life-threatening condition requiring long-term management
34



WHY THESE DISEASE MATTERS

Gaucher disease and Niemann-Pick disease
types A and B highlight the critical role of
lysosomal enzymes in maintaining cellular

homeostasis. Deficiencies in these enzymes

lead not only to substrate accumulation but
also to widespread disruptions in cell
signaling, inflammation, and organ function.

Overall, these disorders provide valuable
insight into how molecular defects translate
into systemic disease. Understanding these
mechanisms reinforces key concepts in
metabolism, genetics, and disease
progression, making them essential topics in
medical education.

MOLECULAR
DEFECTS

Systemic Effect
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Case Study: A Hidden Metabolic Disorder

A 9-year-old boy presents with progressive fatigue,
easy bruising, and abdominal distension. Physical
examination reveals an enlarged liver and spleen
(hepatosplenomegaly), along with signs of anemia.
Laboratory tests show thrombocytopenia and
reduced hemoglobin levels. Imaging confirms bone
involvement, including areas of osteopenia.

Further evaluation through enzyme assay
demonstrates markedly reduced glucocerebrosidase
activity, and genetic testing confirms a mutation in
the GBA1 gene. A diagnosis of Gaucher disease type
1 is made. The patient is started on enzyme
replacement  therapy, leading to  gradual
improvement in hematologic parameters and organ
size.

This case highlights how a single enzyme deficiency
can lead to widespread systemic effects, including
hematologic, skeletal, and visceral complications.



GLYCOGENOSES
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WHAT ARE GLYCOGENOSES?

Glycogen storage diseases (GSDs), also known as
glycogenoses, are a group of rare inherited metabolic
disorders that affect how the body stores and uses
energy. At the center of these conditions is glycogen, the
body’s stored form of glucose. Under normal conditions,
excess glucose is converted into glycogen through
glycogenesis and stored primarily in the liver and
muscles for later use, while the breakdown of glycogen
back into glucose occurs through glycogenolysis. These
processes rely on a series of specific enzymes. When
energy is needed, glycogen is broken down to maintain
stable blood sugar levels. However, in individuals with
GSD, genetic mutations impair the enzymes responsible
for these processes, leading to either abnormal glycogen
buildup or an inability to release glucose properly "%

Glycogenesis

Glucose
}’ Hexokinase

Glucose-6-phosphate

There are at least 19 different types of GSD,
each caused by a deficiency in a specific
enzyme involved in glycogen metabolism ".
These diseases are typically inherited in an
autosomal recessive pattern, meaning a
person must inherit two defective genes (one
from each parent) to develop the condition.
Some forms, such as GSD type IX, follow an
X-linked inheritance pattern ''*. Depending
on the type, GSDs may primarily affect the
liver, skeletal muscles, heart, or a
combination of tissues .

Glycogenolysis
[Debranchingenzyme] f’-p

Glucose-1-phosphate

Phosphoglucomutase ] l

Glucose-1-phosphate

f\’ [ UDP-glucose pyrophosphorylas

UDP-Glucose
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Glycogen

[ Phosphoglucomutase ] l

Glucose-6-phosphate

f\‘ [Glucose-6-phosphataseJ

Glucose



HOW GLYCOGEN STORAGE
DISEASES AFFECT THE BODY

Glycogen plays a crucial role in
maintaining energy balance. The liver
stores glycogen to regulate blood
glucose levels between meals, while
muscles use glycogen as a local energy
source during activity >. When
glycogen metabolism is disrupted, the
body cannot properly maintain blood
sugar levels or meet energy demands.

As a result, many individuals with
GSD experience hypoglycemia (low
blood sugar), which can cause
Hypoglycemia Hyperlipidemia symptoms such as shakiness,
sweating, dizziness, weakness, and, in
severe cases, seizures . Other
common features include muscle
Cardiomyopathy weakness, exercise intolerance,
enlarged liver (hepatomegaly), and
abnormal lipid levels "% In some
Muscle cases, glycogen accumulation can also

Weakness E— ,jﬂ:“ @ damage organs, leading to

( ‘ complications such as liver disease,
4 ' cardiomyopathy, or metabolic
Hepatomegaly | ___ = imbalances like lactic acidosis 2.

Enlarged Liver

; /

Symptoms can appear early in infancy
or later in life depending on the type
of GSD. For example, more severe
forms often present within the first
tew months of life, while milder forms
may not become noticeable until
adolescence or adulthood ™™

DID YOU KNOW?
SOME GLYCOGEN STORAGE DISEASES CAUSE THE BODY TO RELY ON FAT FOR
ENERGY INSTEAD OF GLUCOSE, LEADING TO A BUILDUP OF KETONES IN THE
BLOOD (KETOSIS). IN LIVER-RELATED GSDS (SUCH AS TYPES |, Ill, IV, AND VI),

THE BODY CANNOT BREAK DOWN GLYCOGEN INTO GLUCOSE DURING FASTING,
SO IT SWITCHES TO BURNING FAT, PRODUCING HIGH LEVELS OF KETONES AND
FATTY ACIDS.

21



DIAGNOSIS AND
MANAGEMENT OF GSD

Diagnosing glycogen storage diseases
involves a combination of laboratory tests,
imaging, and genetic analysis. Blood tests
may reveal low glucose levels, high lipid
levels, or elevated enzymes, while urine
tests can detect metabolic abnormalities
"2 Imaging, such as ultrasound, can
identify liver enlargement, and genetic
testing is now the primary method for
confirming specific GSD types ", In
some cases, liver or muscle biopsies are
used to examine glycogen accumulation
directly .

Currently, there is no cure for GSD, so
treatment focuses on managing symptoms
and preventing complications. Maintaining
stable blood glucose levels is a key goal,
often achieved through frequent meals
and slow-digesting carbohydrates such as
cornstarch "2, Medications may also be
used to control high cholesterol or uric
acid levels. In severe cases, particularly
with liver involvement, a liver transplant
may be required ",

Prognosis varies widely depending on the
type of GSD. With early diagnosis and
proper management, many individuals can
live relatively normal lives, although some

forms remain severe or life-threatening
11,12

Liver Transplant

Donor Liver

Guide to GSDs

Diagnosis
LAB TESTS & IMAGING

GENETIC & BIOPSY

& 5

* Genetic testing:
Confirms GSD type

* Liver/Muscle biopsy:
Examine glycogen
accumulation

 Lab Tests: Low glucose,
high lipids

* Urine tests: Metabolic
abnormalities

e Ultrasound: Liver
enlargement

Management
» SYMPTOM MANAGEMENT

e Key goal: Stable blood
glucose

* Frequent simple meals
* Slow-digesting carbs
(e.g., cornstarch)

DID YOU KNOW?

IN POMPE DISEASE, GLYCOGEN BUILDS UP INSIDE LYSOSOMES UNTIL
THEY SWELL AND CAN RUPTURE, SPILLING DAMAGING MATERIAL
INTO THE MUSCLE CELL. A KEY DIAGNOSTIC DETAIL IS CRIM STATUS
(CROSS-REACTIVE IMMUNOLOGICAL MATERIAL). PATIENTS WHO ARE
CRIM-NEGATIVE PRODUCE NO FUNCTIONAL GAA ENZYME AND ARE

FAR MORE LIKELY TO RECOGNIZE ENZYME REPLACEMENT THERAPY

(ERT) AS FOREIGN. THIS CAN TRIGGER STRONG IMMUNE REACTIONS

WITHHIGH ANTIBODY LEVELS, WHICH MAY REDUCE OR EVEN BLOCK
THE EFFECTIVENESS OF TREATMENT.

22



Normal Cell

oooooooo
o L R

...'.::3:':::."... . .o"c:"o:

Glycogen ..0’.:.'.0'.:.:'"::0.: 5..:..“
T et 8
. L3 ..n. N

 GAA
/ enzyme

Functional GAA enzyme:
Glycogen breakdown allowing glucose release for
energy

POMPE
DISEASE
A Unique
Lysosomal

Storage
Disorder
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GAA enzyme mutation/dysfunction:
No glycogen breakdown leading to glycogen
accumulation in lysosomes

WHAT MAKES POMPE DISEASE
DIFFERENT?

Among all glycogen storage diseases, Pompe disease
(GSD type II) stands out because it is also classified as
a lysosomal storage disease. Unlike most GSDs, which
involve glycogen metabolism in the cytoplasm, Pompe
disease is caused by a defect in a lysosomal enzyme
called acid a-glucosidase (GAA) P,

This enzyme is responsible for breaking down
glycogen inside lysosomes which are specialized
compartments within cells that act as recycling
centers. When GAA is deficient due to mutations in
the GAA gene, glycogen accumulates within
lysosomes, eventually causing them to rupture and
damage surrounding muscle cells . This leads to
progressive muscle weakness and organ dysfunction,
particularly affecting skeletal and cardiac muscle.



TYPES AND
SYMPTOMS

Pompe disease
presenisasa
spectrum, with

o man
formes:
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Infantile-onset Pompe disease (IOPD): This
is the most severe form, appearing within
the first few months of life. It is

characterized by low muscle tone
(hypotonia), enlarged heart (hypertrophic
cardiomyopathy), respiratory failure, and
developmental delays. Without treatment,
it is often fatal within the first year of life °.

Late-onset Pompe disease (LOPD):
This milder form can appear in
childhood or adulthood. It
progresses more slowly and
primarily causes muscle weakness
and respiratory problems, with little
or no heart involvement .



WHAT HAPPENS IN POMPE DISEASE?

The underlying problem in Pompe disease is the
accumulation of glycogen in lysosomes, which
disrupts normal cellular function. Over time, this
buildup leads to muscle fiber damage, impaired
energy production, and structural breakdown of
muscle tissue .

Additionally, cells experience autophagic dysfunction,
meaning they cannot properly recycle damaged
components. This results in the accumulation of
cellular debris, oxidative stress, and mitochondrial
damage, further worsening muscle weakness “.
Disruptions in key cellular pathways, such as AMPK
and mTOR signaling, also impair energy balance and
muscle maintenance .

DIAGNOSIS

Pompe disease is diagnosed through enzyme testing
and genetic analysis. The most important test
measures GAA enzyme activity, often using a simple
dried blood spot sample . If enzyme activity is low,
genetic testing is used to confirm mutations in the
GAA gene.

Another important factor is CRIM status (cross-
reactive immunologic material), which indicates
whether the body produces any functional GAA
protein. This helps predict how well a patient will
respond to treatment “.

Early diagnosis, especially through newborn
screening, is critical, as early treatment significantly
improves outcomes ".
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Pompe Disease?

T Lysosome

—7— Glycogen
Lysosome Dysfunction

Glycogen Buildup

Muscle Fiber Damage

Muscle Fiber Damage

S4%5— Autophagic
Dysfunction

Cellular Debris

Mitochondrial
Damage

Oxidative Stress

Muscle Weakness



Treatment:
A Major Breakthrough
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TREATMENT

One of the most important advances in Pompe disease is
enzyme replacement therapy (ERT) using alglucosidase
alfa. This treatment provides a synthetic version of the

missing enzyme, helping break down glycogen in lysosomes
12,13

In infantile-onset Pompe disease, ERT has dramatically
improved survival, heart function, and quality of life,
especially when started early (Article 3). In late-onset
Pompe disease, ERT can improve muscle strength and
respiratory function, although its effects may stabilize over
time “.

Newer therapies, such as avalglucosidase alfa, aim to
improve enzyme delivery to muscle cells. Researchers are
also exploring gene therapy, chaperone therapy, and

substrate reduction therapy as potential future treatments
13

COMPLICATIONS AND LONG-TERM
OUTLOOK

Despite treatment advances, Pompe disease can still lead to
serious complications. The most significant are respiratory
problems, caused by weakening of the diaphragm and
breathing muscles. Patients may develop sleep-disordered
breathing, recurrent infections, and respiratory failure

Other complications include hearing loss, cognitive issues
(in IOPD), and progressive muscle weakness, which may
eventually require ventilatory support or wheelchair use "’
Additionally, some patients (especially those who are
CRIM-negative) may experience immune reactions to ERT,
including severe allergic responses .

Although ERT has improved survival, it does not
completely stop disease progression. As a result, ongoing
research into next-generation therapies is essential for
improving long-term outcomes "

GLYCOGEN STORAGE DISEASES ARE COMPLEX METABOLIC DISORDERS
THAT DISRUPT THE BODY'S ABILITY TO STORE AND USE ENERGY
EFFECTIVELY. WHILE MANY FORMS PRIMARILY AFFECT THE LIVER OR

MUSCLES, POMPE DISEASE IS UNIQUE AS ALYSOSOMAL STORAGE
DISORDER, HIGHLIGHTING THE DIVERSE WAYS GLYCOGEN
METABOLISM CAN BE IMPAIRED. 26




CAN YOU SOLVE THE CASE?

Patient File #7
A 6-month-old infant is brought to the clinic
with:

¢ Developmental regression

o Exaggerated startle response

e Progressive vision loss

¢ A cherry-red spot on retinal exam
Laboratory findings:

e Decreased activity of a lysosomal enzyme

¢ Accumulation of gangliosides in neurons

Your Task:
1. What disease does this patient most likely
have?
2.Which gene is affected?
3.What substrate is accumulating?
4.Why are neurons especially affected?

Hint Box:
Think about:
¢ Lysosomal enzyme deficiencies
¢ Diseases affecting GM2 or GM1
gangliosides
o Early infantile neurological decline
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MATCH THE DISEASE

Write the correct letter!
DiseaseDefect

1. Tay-Sachs

2. Gaucher

3. Pompe

4. Niemann-Pick A

Defect

A. Glucocerebrosidase deficiency
B. Hexosaminidase A deficiency

C. Acid a-glucosidase deficiency
D. Sphingomyelinase deficiency

MATCH THE MECHANISM

Which best describes the core
mechanism of lysosomal storage
diseases?

A. Excess energy causes abnormal cell
growth

B. Genetic mutations cause defective
lysosomal enzymes or transport proteins,
leading to substrate accumulation and
progressive cellular damage

C. The immune system attacks
lysosomes, causing sudden organ failure
D. Cells produce too many enzymes,
causing excessive breakdown of essential
proteins
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