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Abstract

The gangliosidoses are lysosomal storage disorders caused by accumulation of GM1 or GM2
gangliosides. GM1 gangliosidosis has both central nervous system and systemic findings; while,
GM2 gangliosidosis is restricted primarily to the central nervous system. Both disorders have
autosomal recessive modes of inheritance and a continuum of clinical presentations from a severe
infantile form to a milder, chronic adult form. Both are devastating diseases without cure or
specific treatment however, with the use of supportive aggressive medical management, the
lifespan and quality of life has been extended for both diseases. Naturally occurring and
engineered animal models that mimic the human diseases have enhanced our understanding of the
pathogenesis of disease progression. Some models have shown significant improvement in
symptoms and lifespan with enzyme replacement, substrate reduction, and anti-inflammatory
treatments alone or in combination. More recently gene therapy has shown impressive results in
large and small animal models. Treatment with FDA-approved glucose analogs to reduce the
amount of ganglioside substrate is used as off-label treatments for some patients. Therapies also
under clinical development include small molecule chaperones and gene therapy.
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Background

The sphingolipidoses are rare, autosomal recessive neurodegenerative disorders resulting
from accumulation of sphingolipid metabolites due to deficiencies in the catabolic enzymes
required for their degradation (Figure 1). GM1 gangliosidosis is caused by mutations in
GLB1 (chromosome 3p21.33) leading to decreased activity of B-galactosidase (B-GAL), and
storage of GM1 ganglioside (Figure 2). When enzyme activity is decreased, sphingolipid
metabolites accumulate in the lysosome and, thus, interfere with appropriate functioning of
the organelle. The hallmark of GM1 gangliosidosis is progressive neurodegeneration and
includes phenotypes that range from mild to severe based on the amount of residual enzyme
activity as determined by the specific GLB1 mutations (1). A second disorder,
mucopolysaccharidosis VB (Morquio B disease) is also caused by mutations in GLB1 due
to accumulation of keratan sulfate, a second substrate for B-GAL. Individuals with Morquio
B have progressive skeletal changes but are cognitively normal and will not be further
considered in this review (2).

Progressive accumulation of GM2 ganglioside secondary to deficiency of the enzyme -
hexosaminidase A (Hex A) is the underlying cause of both Tay Sachs (TSD) and Sandhoff
(SD) diseases (Figure 3). Hex A is a heterodimer composed of a and p subunits. TSD is
caused by mutations in the HEXA gene (chromosome 15g24.1), encoding the a. subunit. SD
is caused by mutations in the HEXB gene (chromosome 5g13), causing deficiency of the B
subunit (3). p-hexosaminidase B enzyme (HexB), a homodimer of the  subunit, also
degrades glycosaminoglycans. A third protein, the GM2 activator, encoded by GM2A
(chromosome 5g33.1) is also required for degradation of GM2 ganglioside. This lipid
transport protein is required for extraction of GM2 ganglioside from the membrane for
presentation to Hex A. Its deficiency results in a disorder clinically indistinguishable from
infantile TSD.

GM1 Gangliosidosis Clinical Description and Natural History

Prospective natural history studies for GM1 gangliosidosis are lacking; however, several
case series have been published (4,5), as has extensive documentation of more than 200
GM1 patients (6) (table 1).

Type | (infantile) GM1 is the most severe form with onset of symptoms prior to age 12
months. Prenatal manifestations can also include hydrops fetalis (6). The primary findings
are severe central nervous system (CNS) dysfunction with early developmental delay,
hypotonia and an exaggerated startle response, followed by spasticity and rapid regression.
At the end of the first year, most infants are blind and deaf with severe CNS dysfunction
leading to decerebrate rigidity (7). Some infants can have cardiomyopathy,
hepatosplenomegaly, and most have poor feeding. Seizures and coarsened facial features are
common. Skeletal dysplasia can be seen at diagnosis, is progressive, and leads to morbidity
including restrictive lung disease in this group of patients. Death ensues at 2 to 4 years often
due to aspiration pneumonia (1).
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Type Il GM1 gangliosidosis has been further sub-divided into late infantile patients, with
onset of symptoms between one and three years of age and life expectancy between five and
ten years of age, and juvenile, with onset of symptoms between ages three and ten years with
life expectancy into the third decade. Disease progression is notable for plateauing of motor
and cognitive development followed by slow developmental regression. The juvenile form
often includes skeletal dysplasia but of variable severity. The earliest symptoms are often
slurred speech and difficulty with ambulation. Patients have a slow, but unremitting,
regression of milestones in both sub-populations of Type Il disease (1).

Type 11 (adult/chronic) GM1 gangliosidosis has been best characterized in the Japanese
population. Onset of symptoms is in late childhood to the third decade, typically presenting
with generalized dystonia leading to unsteady gait and speech disturbance (7). However,
within a short period of time, most patients (64%) have extrapyramidal signs including
akinetic-rigid parkinsonism. The symptom cluster is similar to the extrapyramidal signs in
Parkinson disease, a common misdiagnosis (8). The natural history of the disease is related
to the level of neurological impairment and is often noted late in the disease. The vast
majority of patients (95%) have skeletal abnormalities such as short stature, kyphosis, and
scoliosis which are rarely life threatening but can cause significant morbidity. The life span
of adults with Type I1I disease is shorter than their unaffected relatives (7).

GMI 1 Gangliosidosis Pathologic Basis of Disease/Animal Models

B-GAL is part of a 3-enzyme lysosomal multienzyme complex that also includes the
carboxypeptidase protein protective protein/cathepsin A (PPCA) and the lysosomal sialidase
neuraminidase-1 (NEUL) (Figure 2). Deficiencies of these proteins give rise to the rare
autosomal recessive disorders galactosialidosis and sialidosis, respectively. NEU1 and f-
GAL associate with the precursor form of PPCA in an early biosynthetic compartment and
are subsequently chaperoned in complex with PPCA to lysosomes where they acquire their
full catalytic activity. Another related enzyme complex bound to the cell surface elastin
receptor has been identified at the plasma membrane of a number of human cell types. This
complex is composed of PPCA, NEU1, and elastin binding protein (EBP) (9). EBP, a -
GAL-specific lectin, is the product of alternative splicing of GLB1 mRNA that shares most
of its amino acid sequence with B-GAL but is catalytically inactive and does not localize to
lysosomes (10). EBP functions as a chaperone for tropoelastin and facilitates the
extracellular deposition of elastic fibers onto the microfibrillar scaffold. Mutations in GLB1
that disrupt the binding function of EBP in addition to decreasing enzyme activity of B-GAL
have been reported in GM1 patients with cardiomyopathy (11).

Study of the knockout mouse model of GM1 gangliosidosis (B-gal —/— mouse) has been
particularly helpful in elucidating the pathogenesis of neurodegeneration in GM1
gangliosidosis due to its similarity with the human disease. The mice develop severe
neurodegeneration with tremors, ataxia, and gait abnormalities and subsequent paralysis of
hind limbs. The mice have massive and progressive accumulation of GM1 ganglioside
throughout the brain and spinal cord. This accumulation is associated with loss of motor
function and widespread CNS inflammation. The brain and spinal cord undergo
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morphological changes due to lysosomal distention and GM1 accumulation and extensive
apoptosis is visualized in the CNS as early as one month of age (12,13).

The accumulation of GM1 ganglioside at the membrane of the endoplasmic reticulum (ER)
induces ER stress. This leads to activation of the unfolded protein response (UPR) and
mitochondria-mediated neuronal apoptosis due to impaired cellular Ca2+ homeostasis
within glycosphingolipid-enriched microdomains at the interface between ER and
mitochondrial membranes (14,15).

Several naturally occurring animal models of GM1 gangliosidosis have been reported,
including cats, dogs, brown bears, and sheep (16—-19). One of the best characterized is the
cat where the specific mutations impair transit of B-GAL protein to lysosomes (20). In feline
fibroblasts, abnormal protein folding was observed, consistent with the data from the mouse
model and suggesting that the UPR and subsequent apoptotic signaling contributes to
pathogenesis and disease progression in GM1 gangliosidosis.

GM2 Gangliosidosis Clinical Description / Natural History

Several key natural history studies in infantile (21) and juvenile (22) patients have helped to
characterize this devastating disease. Although rare in the general population, infantile TSD
is better known than GM1 gangliosidosis due to its historically high incidence and increased
carrier frequency in the Ashkenazi Jewish, French Canadian, and Cajun populations.
Effective carrier screening programs have dramatically decreased the number of infants born
with TSD in these populations. Based on retrospective analysis of parent surveys, historical
databases, and review of the literature, Bley ef a/. characterized infantile TSD and SD
patients with developmental arrest, exaggerated startle response, and hypotonia. The average
age of symptom onset was 5 months, with average age at diagnosis of 13 months (21).
Interestingly, infants gained early developmental milestones at the expected ages, then
abruptly plateaued and began to regress. Historical databases from the National Tay-Sachs
and Allied Diseases Association indicated a lifespan of less than 3 years, as compared with a
greater than four year lifespan in more recently surveyed patients indicating that more
aggressive medical interventions such as gastrostomy placement and vigorous pulmonary
toilet improve lifespan (21). The finding of a cherry red macula is often the first key to
diagnosis of infantile TSD and SD although it is not specific to GM2 gangliosidosis.

The natural history of 21 juvenile GM2 gangliosidosis patients (15 TSD, 6 SD) was
described (22). The average age of symptom onset was 5.3 years with gait disturbance and
incoordination as the most common findings. Juvenile SD patients were more likely to have
psychiatric and neuropathic findings than the TSD patients; while TSD patients had more
dysphagia, incontinence and disordered sleep. Most juvenile GM2 patients succumb to their
illness by the second decade (23).

Late-Onset Tay-Sachs (LOTS) patients have been described in multiple small studies with
initial symptoms of gait disturbance and balance beginning in the late teens (24-26).
Difficulty climbing stairs is a common initial finding. Psychiatric illness can also be a
presenting feature and an ongoing co-morbidity in many patients with LOTS (23). LOTS
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patients are often misdiagnosed until well into their 3™ or 41" decade. The level of cognitive
disability is variable and primarily affects processing speed, visual sequencing and set
shifting (27). Abnormalities in saccadic eye movements were found in two small cohorts
(28). Neuroimaging showed atrophy and decreased N-acetyl aspartate by magnetic
resonance spectroscopy (29,30).

GM2 Gangliosidosis Pathologic Basis of Disease/Animal Models

Naturally occurring animal models exist for the three major forms of GM2 gangliosidosis.
Cats (31) and golden retriever dogs (32), have been described with Hex B deficiency and
serve as models of Sandhoff disease. Hex A deficiency has been described in the Japanese
Chin dog (33), Jacobs sheep (34), and flamingo (35). GM2 activator deficiency has been
identified in the Japanese spaniel (36).

Models of the GM2 gangliosidoses have been established in the mouse by gene targeting
technologies. Knockout of the HEXA gene yielded models with some phenotypic
similarities to TSD including virtually no Hex A enzyme activity, GM2 ganglioside storage
and neuronal pathology, but surprisingly was without early acute neurologic manifestations
(37,38). In contrast, gene targeted mice with a null HEXB gene, characteristic of Sandhoff
disease, showed an early neurologic phenotype that included tremors, ataxia, paralysis and
early demise generally between 3 to 4 months of age (38,39). Brains from the mice
contained large amounts of stored GM2 ganglioside as well as GA2 glycolipid (asialo-
GM2). Storage pathology was widespread throughout the CNS. At late stages of the disease,
apoptotic neurons were present in the CNS particularly in the spinal cord, thalamus and
brain stem (38,40). Prior to the onset of neuronal death, a vigorous innate immune reaction
was apparent characterized by elevation of pro-inflammatory cytokines, activated microglia
and infiltrating monocytes (40,41). An astrogliosis reaction was also prominent (42).

The large phenotypic difference between the HEXA and HEXB gene knockout mice was
unexpected given the early onset of acute neurodegeneration characteristic of both infantile
TSD and SD patients. The basis for the absence of an acute neurodegenerative phenotype in
the HEXA knockout mice was found to be due to a “by-pass” pathway for the degradation of
GM2 ganglioside in mice that is not prominent in humans (39).

In this ‘by-pass” pathway, GM2 ganglioside is acted upon by a sialidase to yield GA2
glycolipid (asialo-GM2 ganglioside), which can be subsequently degraded by the Hex B still
present in the HEXA knockout mice. In humans, this “by-pass” degradation of GM2 must
not operate at an appreciable rate because of the very high levels of GM2 storage in TSD
brain.

A mouse model of the GM2 activator deficiency (AB variant of GM2 gangliosidosis) was
also established by gene disruption (43). These GM2 activator deficient mice displayed a
phenotype that was of intermediate severity between the mildly affected HEXA knockout
mice and the very severely affected HEXB knockout mice. The GM2 activator knockout
mice, like the HEXA knockout mice showed neuronal storage that was more regionally
restricted than the HEXB knockout mice, but with additional significant storage in the
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cerebellum. The majority of the lipid storage was GM2 ganglioside with lesser amounts of
GAZ2 glycolipid. Consistent with storage in cerebellum, the GM2 activator knockout mice
exhibited defects in motor function not found in similarly aged HEXA knockout mice.
However, the GM2 activator knockout mice, unlike the HEXB knockout mice, survived for
greater than a year.

Models of late onset Tay-Sachs (LOTS) disease, have been derived from HEXA knockout
mice (44,45). After one year of age the majority of HEXA knockout mice were found to
exhibit some clinical signs of neurological disease. However, 100% of female mice could be
induced to a symptomatic condition after having at least four litters. The symptoms of the
late onset phenotype included hind limb weakness, tremors, impaired motor coordination
and balance, and ataxia.

A novel model of GM2 gangliosidoses was derived by crossing the HEXA and HEXB
knockout mice to produce double knockout mice with a total lysosomal B-hexosaminidase
deficiency (absence of B-hexosaminidase A, B and S) (46,47). Surprisingly, these mice, in
addition to gangliosidosis, also displayed phenotypic, biochemical and cellular features of
mucopolysaccharidosis illustrating a crucial role for the lysosomal p-hexosaminidases in the
degradation of glycosaminoglycans.

Therapy for GM1 and GM2 Gangliosidosis

Animal Models

Therapy for the GM1 and GM2 gangliosidoses in animal models and human patients has
proceeded along similar lines and will be treated collectively. Pathology in murine models of
both GM1 and GM2 gangliosidosis shows widespread glycosphingolipid storage throughout
the brain as well as inflammation as demonstrated by microglial activation and increased
cytokine production by immunohistochemical staining and apoptosis (40,48-50).
Improvement in CNS pathology and/or increased survival has been demonstrated in murine
models of Sandhoff disease (40,51) and GM1 gangliosidosis (50), respectively, following
bone marrow transplantation (BMT), although an earlier study in the GM1 canine did not
show improvement (52). Intracranial transplant of neuronal stem cells in Sandhoff disease
mice showed preserved motor function, improved survival, reduced ganglioside storage,
increased Hex A activity, and diminished activation of microglial cells (53). Likewise,
intracerebral cell transplantation of fetal brain cells and/or mesenchymal stem cells into
GM1 mice resulted in temporary engraftment and decrease in GM1 ganglioside (54). Direct
intraventricular injection of highly mannosylated Hex A enzyme improved motor function,
increased longevity and decreased substrate accumulation in SD mice (55). Using
intracerebroventricular injection of a novel chimeric Hex B subunit containing amino acid
substitutions from the a.-subunit, critical for binding to the GM2 activator protein, Matsuoka
et al (56) showed restoration of enzyme activity, and decrease in storage of GM2 ganglioside
in SD mice. The authors suggest that chimeric enzyme could be used as a less antigenic
enzyme replacement therapy in Tay-Sachs disease patients.

By partially inhibiting glycosphingolipid biosynthesis, substrate reduction therapy (SRT)
with glucose analog, N-butyldeoxynorjirimycin (NB-DNJ), improved neurologic function,
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reduced brain ganglioside, and increased survival in SD mice (57,58), and was synergistic in
SD mice undergoing BMT (59). SRT using the galactose analog N-
butyldeoxygalactonorjirimycin (NB-DGJ) showed greater efficacy and fewer side effects
than NB-DNJ (60). Likewise in the GM1 mouse model, treatment with NB-DNJ and NB-
DGJ both resulted in improved survival and behavioral outcomes; NB-DGJ was better
tolerated but NB-DNJ showed greater improvement possibly due to greater mitigation of
CNS inflammation (61,62). Treatment of SD mice with non-steroidal anti-inflammatory
drugs indomethacin and aspirin resulted in a small incremental increase in lifespan and was
synergistic when administered in combination with AB-DNJ (63).

Pharmacologic chaperones are low molecular weight compounds that are both substrate
analogs and competitive inhibitors of lysosomal hydrolases that stabilize the folding of
mutant proteins and facilitate their transport to lysosomes. In transgenic mice expressing the
GLB1 common missense mutation R201C, chaperone A-octyl-4-epi-beta-valienamine
increased B-GAL activity in the CNS, decreased brain GM1 ganglioside accumulation,
improved neurologic function, and prolonged survival (64,65).

Early attempts at gene therapy for neurodegenerative disorders were limited by lack of
tropism to the CNS. More recently, prevention of neurodeterioration with long term survival
of SD mice was achieved using stereotactic intracerebral injections of recombinant adeno-
associated virus (rAAV), rAAV2, containing both a and B subunits of Hex A (66,67).
Further studies documented the requirement for pre-symptomatic or early symptomatic
initiation of therapy for optimal outcomes (68). Intravenous injection of rAAV 9-Hex B, a
viral strain tropic to the CNS, into SD mouse neonates resulted in improved neurologic
function and increased survival (69). Scaling intracerebral injection gene therapy to a larger
brain, Bradbury (70) showed greatly improved function and long term survival in SD cats
receiving rAAVrh8 containing both a and B subunits of feline Hex A. In a similar fashion,
AAV-mediated delivery of B-GAL by intracerebroventricular injection into neonatal GM1
mice resulted in widely distributed B-GAL enzyme and normalization of glycosphingolipid
levels and cholesterol distribution (71). Direct thalamic infusion and injection into deep
cerebellar nuclei of AAV2/1- B-GAL vector in adult GM1 mice resulted in distribution of
enzyme activity throughout the brain and complete reduction of GML1 storage in all regions
except the spinal cord (partial reduction) (72). Scaling of this technique to the larger GM1
feline brain has resulted in symptom-free survival beyond 38 months compared to 8 months
for untreated animals (73).

Human Patients

GM1 and GM2 gangliosidoses are uniformly fatal neurodegenerativo disorders with no
proven effective therapy. Based on findings in the animal models, a number of interventions
have been undertaken in single cases or small cohorts in order to mitigate the relentless
progression of disease. Bone marrow transplantation was not successful in treating the
neurologic complications in case reports of juvenile GM1 or GM2 gangliosidosis (74,75).
Cord blood transplantation in infantile GM2 gangliosidosis was likewise unsuccessful (76).
Substrate reduction therapy with the imino sugar, NB-DNJ (miglustat), had the same safety
and side effect profile at the approved dose as type 1 Gaucher disease (77,78). No
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improvement in neurologic impairment was documented in infantile (79), juvenile
(77,80,81) or late onset GM2 gangliosidosis (78) although temporary stabilization of disease
was seen in some patients. Chaperone therapy with pyrimethamine in late onset GM2
patients demonstrated increases in Hex A activity in plasma (82) and lymphocytes (83) but
clinical improvement was either variable or not evaluated. Deep brain stimulation in a case
of type 111 GM1 gangliosidosis showed functional improvement of dystonia but no change in
disease progression (84).

The gangliosidoses are inherited, uniformly fatal neurodegenerativo disorders of variable
onset and disease progression. Detailed natural history studies to characterize disease
progression and identify relevant biomarkers have been limited since the site of pathology is
primarily the brain. Pathogenesis in animal models has uncovered avenues for therapeutic
intervention. Concurrently, biomarker and imaging studies to identify outcome measures for
human clinical trials are ongoing in many centers. Recent reports in small and large animal
models utilizing small molecules and targeted gene therapy are encouraging. Convergence of
therapeutic studies in model systems and natural history studies in human patients are
expected to lead to clinical trials in the near future. Designs for such trials in GM1 and GM2
patients are currently in progress.
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