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Abstract: The lysosomal storage disorder, GM1 gangliosidosis (GM1), is a neurodegenerative
condition resulting from deficiency of the enzyme B-galactosidase (-gal). Mutation of the GLBI
gene, which codes for -gal, prevents cleavage of the terminal B-1,4-linked galactose residue from
GMI ganglioside. Subsequent accumulation of GM1 ganglioside and other substrates in the
lysosome impairs cell physiology and precipitates dysfunction of the nervous system. Beyond
palliative and supportive care, no FDA-approved treatments exist for GM1 patients. Researchers are
critically evaluating the efficacy of substrate reduction therapy, pharmacological chaperones,
enzyme replacement therapy, stem cell transplantation, and gene therapy for GM1. A Phase I/II
clinical trial for GM1 children is ongoing to evaluate the safety and efficacy of adeno-associated
virus-mediated GLBI delivery by intravenous injection, providing patients and families with hope
for the future.
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Introduction

GM1 gangliosidosis (GM1) is an inherited autosomal recessive lysosomal storage
disorder (LSD) affecting one in every 100,000 to 200,000 live births within the general
population.'* However, a notably higher incidence of GM1 exists in Malta (1 in 3700
live births),” Roma with a ~1 in 50 carrier rate of the general Roma population and up to 1
in 10 of the Rudari sub-isolate,® Japan,”® and Cyprus where 1 in 12 residents of the
village of Pelendri are carriers.” Progressive neurodegeneration results from mutation of
the GLBI gene, which codes for the lysosomal hydrolase, acid beta-galactosidase (B-gal,
EC 3.2.1.23)."** Absence or attenuation of p-gal activity leads to the accumulation of the
B-linked galactose-containing glycolipids GM1 ganglioside and GA1 ganglioside, and
other glycoconjugates, including N-linked and O-linked glycans.'*'®'? Substrates
accumulate to toxic levels in lysosomes, causing profound dysfunction of the nervous
system.” *!'%!" Three clinical subtypes of GM1 gangliosidosis are classified by age of
symptom onset: infantile (Type 1), late infantile/juvenile (Type 2), and adult/chronic
(Type 3).>*!*!* The infantile form is the most common and severe of the three subtypes,
with symptom onset by six months and death by two to four years of age.” Late infantile/
juvenile GM1 presents as early as 7 months and as late as five years, with death occurring
in mid-childhood to early adulthood.®> Adult GM1 represents the least severe form with
slower disease progression, symptom onset from early childhood to the late teens, and in
many cases affects individuals of Japanese descent.'*'>'® Variation in the time of
symptom onset has been attributed, at least partially, to the degree of residual [-gal
activity.' > Whether GM1 should be classified as four subtypes with late infantile and
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juvenile represented independently, or as a spectrum disorder
based on level of B-gal activity, remains a topic for discussion.
Typical treatments for patients with GM1 are sympto-
matic and palliative in nature.'”'® Patients with GM1 often
receive anti-convulsants to control seizures, gastrostomy
tubes to ensure proper nutrition and hydration, and proce-
dures to maintain an open airway. However, symptomatic
treatment does not alter the clinical course substantially. Here
we describe the clinical presentation of patients with GM1,
animal models being used for the development of effective
treatments, the pathophysiology of the disease, and current
therapeutic approaches, including those in clinical trials.

Clinical Presentation

While the infantile form of GMI has a relatively homoge-
neous clinical presentation, symptom variability increases
with the age of disease onset.> * In other words, the less
severe the disease, the more variable is the clinical pheno-
type and the more delayed is the diagnosis.'®2° Patients
with one of the three subtypes of GM1 may present with any
of the symptoms outlined below.

Type 1: Infantile patients first present with developmental
(psychomotor) regression around three to four months of age,
though symptoms may be apparent at birth. Parents may notice
an exaggerated startle response and changes in appetite initi-
ally. About 50% of affected children have a cherry red spot on
the macula of their retina, which is identified through ophthal-
mological examination and can lead to a faster diagnosis.**’
As the child ages, other symptoms may become apparent,
including coarse facial features, hepatosplenomegaly, skeletal
abnormalities, profound intellectual disability, nystagmus, gin-
gival hypertrophy, cardiomyopathy, joint stiffness, distended
abdomen, muscular hypotonia, and deafness.”'****’ Most
patients with type 1 GMI1 experience seizures, strabismus,
corneal clouding, or vision loss. Infantile GM1 is terminal,
resulting in death by two to four years of age.?

Type 2: Late infantile/Juvenile GM1 patients present
with developmental regression as early as 7 months and as
late as 5 years.>**?’ Skills that may have been gained, such
as crawling or walking, are eventually lost. Children have
early locomotor problems, muscular hypotonia and atrophy,
intellectual disability, seizures, difficulties with speech and
swallowing, strabismus, and lethargy.>**® Some patients
may present with spasticity, scoliosis, hyperreflexia, or
ataxia. Because of the wide range of symptom onset and
reduced severity of disease progression, patients may live to

late teens or early adulthood.'*?%23-28731

Adult/Chronic  GM1
a substantially slower disease progression compared with

Type 3: patients  have
the other two subtypes and are often of Japanese
descent.'®*? Most adult/chronic GM1 patients experience
symptom onset as teens or in early adulthood. Clinically,
patients present with mild vertebral abnormalities, muscu-
lar atrophy, hypotonia, corneal clouding, slurred speech,
and short stature.'®*?7* Adult patients rarely have cherry
red spots, a characteristic symptom of severe lipid storage
disorders.'*>'¢3%333% The adult subtype is characterized
clinically by dystonia, which rarely presents in the other
GM1 subtypes. Adult/chronic GM1 patients may have all
or few of the symptoms described in subtypes 1 and 2. For
all three GM1 subtypes, bronchopneumonia from recurrent
aspiration may be fatal.

Diagnosis

Diagnosis of all subtypes of GM1 gangliosidosis often occurs
by assay of -galactosidase enzyme activity.'*® Genetic test-
ing through whole-genome sequencing or sequencing of the
GLBI gene is also a route for diagnosis. Most patients are
diagnosed by enzyme assay because of the cost and uncer-
tainty of genetic testing.'” With more than 200 pathogenic
GLBI mutations, and more than 40,000 allele combinations,
the data from genetic testing are not clear-cut.*'*” However,
preimplantation genetic diagnosis of GMI to detect known
pathogenic alleles from parents is possible during in vitro
fertilization procedures, maximizing positive pregnancy
outcomes.’® Exome sequencing, which enables sequencing
of all genes in a single test, was also used previously to
diagnose GM1 in a teenage patient with an unknown neuro-
degenerative condition.'® Further, prenatal diagnosis is possi-
ble via amniocentesis for families with a history of GM1 or if
genetic testing reveals both parents are carriers of a pathogenic
allele.***' Neonatal congenital ascites identified by routine
ultrasound can also indicate an LSD, though final diagnosis
must be made by other means.”** Although few LSDs are
included on newborn screening cards, dried blood spots can be
used for diagnosis by enzyme assay for at least 13 months post

birth and by detection of GM1 ganglioside content.'”****

Animal and Cell Culture Models

Naturally-occurring and laboratory-generated animal mod-
els of GM1 gangliosidosis are of pre-clinical significance
and provide insight into target pathways for the develop-
ment of therapeutics. GM1 gangliosidosis naturally occurs
and has been clinically and pathologically characterized

4,44-49

for feline, canine, bovine, and ovine models.
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However, only a few “large animal” models of GM1 are
maintained in a research setting (feline, ovine), and no
known small laboratory animals present with naturally-
occurring GM1. GM1 gangliosidosis mouse models have
been generated through knockout of the g/b/ gene and
complete loss of B-gal activity.”® > Gross abnormalities
are absent in mice until about 4-5 months of age, at which
point, affected mice develop severe clinical signs includ-
ing tremor, ataxia, and abnormal gait.’>>* In the recent
literature, a CRISPR/Cas-generated 20 bp deletion in exon
8 of glbl produces a GM1 mouse that reaches humane
endpoint at 7-10 months with no detectable [-gal
activity.”* Transgenic mouse models expressing relevant
human mutations and residual B-gal activity may have
mild clinical signs with a slightly shortened life span.>
However, they represent important pre-clinical models for
the application of genome editing or enzyme enhancement
therapy. For example, a mouse model with hemizygous
expression of human B-gal having the mutation R201C,>
most often associated with juvenile GM1, may be used to
demonstrate the clinical efficacy of genome editing com-
plexes incorporating base editors. In addition to the lissen-
cephalic mouse models, gyrencephalic animals have been
integral to our understanding of disease pathogenesis and
the translation of efficacious treatments to humans.*®*">
Adeno-associated virus (AAV)-mediated GLBI gene ther-
apy experiments in a naturally-occurring feline model that
closely mimics juvenile GM1 and in B-gal”~ mouse models
were critical to the initiation of ongoing gene therapy
clinical trials, in children with GM1, discussed in more
detail below.””

Latour et al (2019) defined a novel three-dimensional
cerebral organoid cell culture model for the study of GM1,
CRISPR/Cas-mediated knockout of GLBI
induced pluripotent stem cells (iPSC) and subsequent gen-

in  human

eration of cerebral organoids provided a relevant pre-clinical
model of human brain tissue to support the ongoing AAV
gene therapy trial. GM1 cerebral organoids have progressive
GM1 ganglioside accumulation and <5% B-gal activity.**

Molecular Mechanisms/
Pathophysiology

B-Galactosidase and GMI| Ganglioside
Gangliosides are glycosphingolipids (GSL) that reside at the
plasma membrane and are responsible for the modulation of
signal transduction.***>~"* There are more than 180 ganglio-
sides identified in vertebrates with each classified based on

number of sialic acid moieties.’”**"%7> GM1 ganglioside has
asingle sialic acid (or n-acetylneuraminic acid) and is therefore

classified as 67,68,72,74,76

a monosialo (M) ganglioside.
Gangliosides are abundant in the brain, accounting for up to
10% of the lipid content, but are also expressed in many
their

physiology.”""*® These GSLs are critical for neurodevelop-
44,65-68,71,72,76

peripheral  tissues  supporting role in cell
ment, neuritogenesis, and neuronal plasticity.
GSL biosynthesis is a multi-compartment process that occurs
within the endoplasmic reticulum (ER) and the Golgi appara-
tus and begins with the synthesis of ceramide at the ER

67,68,70-73,76,77 Ceramide

membrane. glucosyltransferase,
which is a target of inhibition for substrate reduction strategies
in GSL storage diseases, transfers a glucose residue to cera-
mide on the cytosolic side of the Golgi, forming
glucosylceramide.”””*’® Subsequent addition of galactose
within the lumen of the Golgi by beta-1,4-galactosyltransferase
6 leads to the formation of lactosylceramide.®*”"*7® Distinct
transferases then convert lactosylceramide to several different
precursor glycolipids, fated for specific terminal pathways. For
ganglioside biosynthesis, ST3 beta-galactoside alpha-2,3-sia-
lyltransferase 5 catalyzes the formation of GM3 ganglioside
from lactosylceramide through transfer of a single sialic acid
moiety to the galactose group of lactosylceramide within the
Golgi lumen.*7%737® GM2 ganglioside results from the addi-
tion of N-acetylgalactosamine (GalNAc) to the galactose moi-
ety of GM3 by GalNAc transferase.®>’%"!7*7677 The final
step of GM1 ganglioside biosynthesis is the addition of galac-
tose to GalNAc by beta-1,3-galactosyltransferase at the

65,70,71,73,

Golgi. 76.77 Within the secretory pathway, GM1 gang-

lioside is trafficked to the plasma membrane via vesicular
transport where it associates with lipid microdomains/rafts
and contributes to several processes including membrane orga-
and signal

nization, protein

44,65-68,70-72,76

anchoring,
transduction.

Degradation of gangliosides occurs at the lysosome and
requires a sophisticated cellular mechanism.”%"27#77-7
Gangliosides are endocytosed and delivered to the lysoso-
mal membrane where sphingolipid activator proteins deli-
ver the highly hydrophobic glycolipids to the glycosidases
of the lysosome for catabolism.”®"37*"77 In GMI1, defi-
ciency or absence of acid -gal prevents the efficient degra-
dation of GM1 ganglioside and recycling of its subunits to
the salvage pathways."*'%7277477:80 Tq correct the cellular
pathogenesis, therapeutics seek to promote proper GM1
ganglioside catabolism or reduce substrate (GM1 ganglio-
side) accumulation. Targeted restoration of GM1 ganglio-

. . 1— 1,82
side catabolism occurs through gene therapy,”’-¢! 763818

The Application of Clinical Genetics 2021:14

submit your manuscript

211

Dove


http://www.dovepress.com
http://www.dovepress.com

Rha et al

Dove

stem cell transplantation,® ¢

(ERT),> %% and
55,91-98

enzyme replacement therapy
treatment with pharmacological

while substrate reduction is mediated
30,99-102

chaperones,
through inhibition of ceramide glucosyltransferase,
the enzyme that catalyzes the first committed step of GSL
biosynthesis. For treatment of symptomatic individuals,
substrate reduction therapy relies on residual -gal activity
to remove ganglioside that has already accumulated.*
Thus, it likely would not be therapeutic for symptomatic
infantile GM1 patients, who have little or no residual
enzyme activity. These strategies are discussed in more
detail below.

GLBI Mutations

More than 200 pathogenic or likely pathogenic mutations have
been characterized for the GLBI gene (HGMD professional
database: https://portal.biobase-international.com/cgi-bin/por

tal/login.cgi; ClinVar: https:/www.ncbi.nlm.nih.gov/clinvar/),

which maps to the short arm of chromosome 3 and codes for
the lysosomal hydrolase B-galactosidase."*'%*™'% Of those
mutations, single nucleotide polymorphisms account for
~75%, with insertions and deletions representing ~25%."*!%?
Combinations of different allelic mutations contribute to the
clinical heterogeneity and the difficulty in diagnosis by GLBI
sequencing,!14103-104106-110 path 5oenic mutations of GLBI
are dispersed across its 16 exons and at sites critical to splicing.
However, the majority are found in exons 2, 6, and 15* The
infrequent occurrence of GM1 coupled with the considerable
number of allelic combinations makes the probability of hav-
ing a nonconsanguineous homozygous combination unlikely,
but not impossible. Some alleles have a higher frequency in
specific populations.®*%196197-19 Eor example, 601C>T and
152T>C frequently present as juvenile and adult GM1 in
Japanese patients, respectively.'®”!"! In Brazil, a study of 65
patients identified c.1622-1627insG as the most frequent
allele.'”

Assigning any one mutation to a specific GM1 subtype
is also difficult because of the number of allelic combina-
tions. Mutations occurring in cis contribute further to this
challenge."''? Overall, the degree of p-gal dysfunction is
directly related to the impact of the mutation on the enzyme
structure.'®® Mutations resulting in an early termination
codon are processed by nonsense-mediated decay or lead
to the production of a truncated enzyme, which is often
degraded.’”'*® However, aggregation of misfolded or trun-
cated proteins can also lead to ER stress and the UPR.'!*-!1
Affected individuals with alleles harboring an early termi-
nation codon usually have a complete loss of B-gal activity

and are not candidates for certain types of therapy. Knowing
a patient’s genotype assists in the identification of the most
efficacious treatments.

GMI Gangliosidosis Disease Mechanisms
UPR-Mediated Apoptosis

The unquestionable cause of GM1 gangliosidosis is attenua-
tion or absence of -gal activity. However, how accumulation
of GM1 ganglioside and other GSLs leads to neurodegenera-
tion is not fully understood. Tessitore et al (2004) defined one
of the first disease mechanisms where GMI1-ganglioside
depletion of ER Ca®" stores induced the unfolded protein
response (UPR) and subsequent neuronal apoptosis in -
gal”” mice.""? Significantly more TUNEL+ cells were identi-
fied throughout the spinal cord of B-gal”™ mice compared to
wild-type, which aligned with the observed age-dependent
activation of the UPR and neurological decline. ER-stress-
mediated apoptosis was supported by the transcriptional upre-
gulation of BiP and CHOP, and the reproducible induction of
Jnk2 and caspase-12 in GM1-loaded neurospheres from WT
mice. ER-stress specific cleavage of caspase-12 to the p42 and
p20 forms associated with apoptosis further supported the
defined mechanism. In GM1-loaded WT and B-gal”™ murine
embryonic fibroblasts (MEF), a substantial pool of GM1 gang-
ER-marker
A concurrent depletion of Ca>* from the ER was confirmed

lioside co-localized with the calnexin.
following thapsigargin treatment and use of an ER-targeted
calmodulin-based FRET construct, establishing GM1 ganglio-
side as a causative agent in the induction of apoptosis.''?

A similar elevation of BiP was detected in the natu-
rally-occurring feline model of GM1, where the p.R483P
B-gal mutation (analogous to p.R482H/C of humans) was
identified as causative. In GM1 cats, f-gal mRNA levels
were normal throughout the cerebral cortex, but trafficking
of mutant B-gal to the lysosome was impaired. Restriction
to the ER, as determined by B-gal and protein disulfide
isomerase (PDI) co-localization, suggested defective tar-
geting to lysosomes. The accumulation of mutant B-gal
within the ER represents a second possible trigger for the

induction of the UPR in GM1''%,

Neurotransmission

GM1 ganglioside’s role in regulating calcium homeostasis
may explain the global dysregulation of calcium levels
observed in GM1. #7113 1157118 1y gynaptosomes isolated
from GM1 cats, calcium efflux and influx was significantly
reduced compared to that of normal controls. Koenig et al
(1987) identified two distinct phases of calcium influx, fast

submit your manuscript

212

Dove

The Application of Clinical Genetics 2021:14


https://portal.biobase-international.com/cgi-bin/portal/login.cgi
https://portal.biobase-international.com/cgi-bin/portal/login.cgi
https://www.ncbi.nlm.nih.gov/clinvar/
http://www.dovepress.com
http://www.dovepress.com

Dove

Rha et al

and slow, and attributed the differences to unique calcium
channels."'> For GM1 cats, the Ca®" influx through the
fast-phase channels was half that of normal cats. Calcium
influx through slow-phase channels was also significantly
reduced, with more than three times the calcium concen-
tration required to reach half maximal influx. Similar
defects were noted for the Na*-dependent efflux of Ca,>"
with significantly lower values recorded for GM1 cats
compared to controls.'"”

Synaptosomes from GM1 cats further revealed deficits
in neurotransmitter uptake and reduced membrane fluidity.
The 3H—glutamate,3 H-GABA, and’H-
norepinephrine in GM1 synaptosomes was reduced by up

uptake  of

to 75% of normal values, while the overall concentration
of neurotransmitters and activity of synthetic enzymes
were not significantly altered. Singer et al (1982) con-
cluded that neuronal dysfunction resulted from distur-
bances to the synaptic glycolipid composition and the
associated impairment of neurotransmitter uptake
mechanisms.''” Indeed, abnormal synaptic membrane
structure and function is a consequence of deficient GM1
ganglioside catabolism. Attenuated B-gal activity leads to
increased GM1 ganglioside and cholesterol at the synap-
tosomal membrane and as a consequence, detergent-
resistant lipid microdomains.'?® Further, inhibitory post-
synaptic potentials (IPSP) evoked in pyramidal neurons of
GMI1 cats, differed markedly in their duration and rise
time. For GM1, the duration of IPSP was significantly
reduced at 7-40ms compared to that of normal neurons
(80—150ms). A reduction in rise time was also noted, with
GM1 rise time approximately one-quarter of normal IPSP.
These measurements were consistently recorded from
ganglioside-laden pyramidal neurons regardless of mega-
neurite formation.'?! However, the altered electrical prop-
erties may be a consequence of disruptions to neuronal
and

circuitry caused by meganeurites

44,122

ectopic
dendrites.

Autophagy

In the GM1 mouse, enhanced autophagy and mitochondrial
dysfunction aligned with disease progression.'** The autop-
hagosomal marker LC3II was significantly increased at
10 months in the GM1 mouse compared to WT controls.
A concurrent increase in beclin-1, a protein critical to autop-
hagosome assembly, along with Akt, Erk, and mTOR phos-
phorylation was also noted for GM1 mice at 10 months. In
GM1 mice, mitochondria were smaller, fragmented, or cir-
cular with decreased membrane potential and cytochrome

c oxidase activity. In GM1 astrocytes, a significantly higher
percentage of dead cells was detected following oxidative
stress compared to WT. Toxicity from oxidative stress was
suppressed with the addition of ATP, 3-MA (an inhibitor of
autophagy) or z-VAD-fmk (a pan-caspase inhibitor), while
rapamycin treatment had no impact on cell survival. Parallel
analyses of WT astrocytes suggested autophagosome-
lysosome fusion underlies the accumulation of fragmented
mitochondria.'** The cellular events that lead to initial mito-
chondrial dysfunction have not yet been defined, but
enhanced autophagy likely contributes to the induction of
these phenomena.

Neurotrophic Factor Activity

GM1 ganglioside enhances the nerve growth factor (NGF)-
induced autophosphorylation of the tropomyosin receptor
kinase (Trk) and receptor dimerization.® In GM1, increased
associations between Trk and GM1 ganglioside lead to sig-
nificant elevation of neurotrophic activity.”® Increases in
phosphorylated Trk (pTrk) in p-gal”” mice are in part attrib-
uted to the higher concentration of GM1 ganglioside at cell
membrane lipid rafts. Ubiquitination of Trk, which mediates
receptor protein levels, was significantly elevated in B-gal””
mice. Internalized and ubiquitinated Trk co-localized with
lysosomal associated membrane protein 2 (LAMP2) in the
cerebral cortex, and cell fractionation defined the accumula-
tion and redistribution of Trk to the endo-lysosomal network
(ELN). GM1 ganglioside had a similar pattern, with impaired
catabolism contributing to its storage within the ELN of (-
gal”” mice.”® In the p.R201C GMI mouse, the pharmacolo-
(NOEV)
reduced the accumulation of pTrk and GM1 ganglioside,

gical chaperone N-octyl-4-epi-p-valienamine

highlighting the utility of chemical chaperones in correcting

neuropathology.”*%°

Neuroinflammation
Central
a  prominent

nervous system (CNS) inflammation plays

role in the pathogenesis of the
gangliosidoses.'** In the symptomatic B-gal”~ mouse, MHC
class II staining was more pronounced in the thalamus and
brain stem than the cerebral cortex, which aligned with areas
of significant neuropathology. Fas staining was detected at
moderate levels and supported the defined apoptotic events
underlying neurodegeneration.''*'** Further, analysis of nitro-
tyrosine positive cells throughout the B-gal”~ mouse brain
supported complementary analyses of mitochondrial
dysfunction.'**'**  Other markers of neuroinflammation

including expression of TNFa, TNFB1, and IL1[3, microgliosis
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and astrogliosis occurred concurrently with neurological
decline. In the B-gal”™ mouse, blood-brain barrier integrity
was also significantly altered, and permeability changes were
attributed to CNS immune activation.'** Defects in phagocy-
tosis and ganglioside pro-inflammatory properties may dictate
CNS immune activation, with clearance of apoptotic neurons
potentially initiating pathogenesis.

In a novel cell culture model based on induced pluripo-
tent stem cell (iPSC) technology, neural progenitor cells
from GM1 patient-derived iPSCs demonstrated GM1 gang-

inflammasomes. '

lioside-associated  activation  of
Transcriptional upregulation of inflammasome components
including inflammatory caspases and pro-inflammatory
cytokines was partially suppressed upon treatment with
a caspase-1 inhibitor or an IL1f antagonist. Both inhibitors
reduced morphological abnormalities and promoted round-
ing and enlargement of GM1 neurospheres. These studies
define a novel target pathway and highlight the evolving

complexity of GM1 cellular pathogenesis.'***'*

Histopathology

Accumulation of GM1 ganglioside in lysosomes leads to
lysosomal swelling and cellular dysfunction. Universal
histopathological examination of the brain and visceral
organs of GM1 patients reveals enlarged neurons charac-
terized by cytoplasmic inclusions, periodic acid Schiff
(PAS) staining, and hepatocellular vacuolation.?*!26-13¢
The most prominent cytoplasmic inclusions are swollen
lysosomes or lysosome residual bodies termed membra-
nous cytoplasmic bodies (MCBs) and/or granular storage,
which displace normal organelles.*®'*''3* PAS staining
detects the oligosaccharide chain of gangliosides as well as
other polysaccharides, glycoproteins, and glycolipids, and
is used as a reproducible qualitative method for the detec-
tion of storage in the gangliosidoses.

Within neurons, Nissl substance is condensed in the
perinuclear region and ultrastructural analysis reveals ER
compression.''*127-134135 pyramidal and medium spiny
neurons both exhibit meganeurites (enlargements of the
axon hillock) while ectopic dendritogenesis is restricted
to specific populations of excitatory neurons and neuroax-
affects GABAergic
neurons, 212132136137 1 most neurons, storage is con-

onal dystrophy predominantly
fined to the perikarya, while extension of storage into
meganeurites of cortical pyramidal neurons and dendrites
of Purkinje cells also occurs and may be a reflection of the
amount of storage in each cell type,'?’:!32:135:.137.138

Functional impairments in synaptic transmission, myelin

deficits (discussed below), and neuron-specific pathology
likely underlie neurodegeneration and the emergence of
clinical neurological features,'?!-!2%128:139.140

Consistent with neuroimaging (below), pathology is
prominent in the basal ganglia. Atrophy of the caudate
nucleus and putamen, with conspicuous swollen neurons
by microscopic examination, was consistent with neuron
loss and gliosis.'®?7%127:141 pathology in this region was
most pronounced in the posterior portion of the caudate

nuclei in three patients with adult/chronic GM1.'?7:142:143

Myelin Pathology

Recent literature has addressed the role of myelin pathol-
ogy in GMI and other neuropathic LSDs. Studies invol-
24126128 40 144 145 146 ith

GMI1 have universally reported decreased myelin in the

ving children, mice,  and cats
CNS, with a reduction in Luxol Fast Blue staining being
this
pathology.>*'2%14¢ Some studies have measured myelin

the most commonly reported evidence of

using X-ray diffraction'*® or noted ultrastructural abnorm-
alities with transmission electron microscopy (TEM) such
as fewer myelinated axons'Z®
sheaths (Figure 1A and B).'*

The mechanism(s) behind myelin abnormalities and their

and unraveling of myelin

effects on disease pathogenesis is an emerging discussion
topic in the literature, with three main hypotheses considered:
dysmyelinogenesis (failure to form myelin properly), primary
demyelination (dysfunction or destruction of myelin after
proper formation), or secondary demyelination (due to axonal
degeneration). Since neuronal storage is an obvious and severe
lesion, secondary demyelination resulting from neuroaxonal
pathology was formerly the sole explanation.'*® This is further
supported by the near-universal agreement that oligodendro-

cytes do not store GM1 ganglioside**'2%'%¢

and the resulting
hypothesis that unaffected oligodendrocytes would produce
healthy myelin that is destroyed by neuronal pathology.
However, other signs of severe oligodendrocyte pathology
have become evident with ultrastructural (Figure 1C and D)
and histological evaluation, including decreased numbers of
mature oligodendrocytes”*'?® and increased cell death
(TUNEL-positive).>* Most authors now hypothesize that dys-
myelinogenesis plays a more prominent role in myelin pathol-
ogy than previously thought, although its extent is still
unknown. A confounding factor is that myelination in normal
organisms occurs postnatally, during the same developmental
stages that GM1 storage causes major deficits. Similar white
matter pathology has been documented in closely related

LSDs (Sandhoff disease,'”” Niemann Pick A'® Niemann
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Normal

Figure | Transmission Electron Microscopy (TEM) images of feline CNS tissue. Normal axon in cross-section surrounded by thick myelin sheath (A). Multiple axons in
cross-section of GMI white matter, surrounded by disjointed and unravelling myelin layers (B). Normal oligodendrocyte with round nuclear envelope and prominent
cytocavitary network (C). GMI oligodendrocyte with multiple swollen mitochondria (black arrows) and irregularly-shaped nuclear envelope (white arrow) (D). Scale bars
are |um. Transmission electron micrographs in panels A, B, and D, reproduced with permission Gray-Edwards HL, Maguire AS, Salibi N, et al. 7T MRI predictsamelioration of
neurodegeneration in the brain after AAV genetherapy. Mol Ther - Methods Clin Dev. 2020;17:258-270.'* © 2019 Elsevier.

Pick C'*, and Krabbe disease'™), so detailed comparison
among these diseases may provide valuable insight.

Biomarkers
Noninvasive or minimally invasive methods to track GM1
disease progression include blood-based biomarkers, cere-
brospinal fluid biomarkers, magnetic resonance spectro-
scopy, 3,22,25,59,60,146,151,152

neuropathic diseases, analysis of biomarkers can provide

and neuroimaging. For
a picture of disease progression and insight into the effi-

cacy of therapeutics.

Serum and CSF Biomarkers

Feline and canine GM1 models have been used to iden-
tify biomarkers in the CSF and serum that align with
disease progression.’™'>* In Shiba dogs with GMI,
aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), GMI1
(NSE), and myelin basic protein (MBP) were all signif-

ganglioside, neuron-specific enolase

icantly elevated in the CSF. Though some of the mar-

kers eventually reached a plateau, they increased

concordant with disease progression, supporting their
use as indicators of neurological decline.'” In cats
with GM1, AAV-mediated GLB! delivery restored ele-
vated AST and LDH to normal values in the CSF of
animals two to three years post-treatment. Similar ele-
vation of AST was observed in the serum of both GM1
cats and late-infantile GM1 human patients. Other serum
biomarkers identified included calcium, creatinine, and
albumin, all of which were significantly decreased in
cats with GM1. The levels of calcium, creatinine, and
albumin were variable between GM1 subtypes of human
patients. Hypocalcemia was present in infantile GM1
patients, while late-infantile and juvenile patients did
not have a significant change in their calcium levels.®
A single adult GM1 patient also presented with reduced

calcium levels;'*!

however, analysis of adult GMI
patient biomarkers in the literature is incomplete.
Creatinine showed the inverse pattern, with significantly
lower levels in the serum of late-infantile and juvenile

patients relative to infantile GM1. Albumin levels were
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decreased to the greatest extent in infantile GMI
patients and appeared to correspond with disease sever-
ity. These analytes identified in CSF and serum repre-
sent valuable biomarkers that can be easily measured
using clinically available tests, providing a clearer pic-
ture of disease progression (Table 1).%°

Other biomarkers identified through complex lipido-
mics are not easily quantified by routine laboratory
assays. However, their inclusion contributes to our
understanding of disease progression and the efficacy
of therapeutic regimens. Gray-Edwards et al (2017)
examined 36 sphingolipids and their derivatives in the
CSF of GM1 cats at humane endpoint, in AAV-treated
GMI1 cats, and in normal age-matched controls.>® Of the
lipids examined, 16 had significant alterations. Elevated
lipids included GM1 ganglioside, GM3 ganglioside, cer-
sulfatide,
galactosyl ceramide, glucosyl ceramide, and sphingosine
(Table AAV treatment
restored values to within the normal range, highlighting

amide, lactosyl ceramide, sphingomyelin,

1). For many metabolites,

the efficacy of gene therapy in the treatment of neuro-
pathic lysosomal storage diseases and the utility of
lipidomics in assessing pathophysiology.>’

Utz et al (2015) quantified 72 analytes from CSF and
serum of human patients with infantile, late-infantile, and
juvenile GM1 gangliosidosis.*> From this analysis, twelve
CSF and two serum candidate biomarkers were identified.
CSF from infantile GM1 patients had elevated heparin-
binding EGF-like growth factor (HB-EGF), Tamm-Horsfall
urinary  glycoprotein  (THP), alpha-1-antichymotrypsin
(AACT), hepatocyte growth factor (HGF), sex hormone-
binding globulin (SHBG), epithelial-derived neutrophil-
activating protein 78 (ENA-78), monocyte chemotactic
protein 1 (MCP-1), macrophage inflammatory protein-1
alpha (MIP-1a), macrophage inflammatory protein-1 beta
(MIP-1B), tumor necrosis factor receptor 2 (TNFR2), macro-
phage migration inhibitory factor (MIF), and matrix metallo-
proteinase-3 (MMP-3), while a single late-infantile GM1
patient showed elevation only in HB-EGF, THP, AACT,
HGF, SHBG, MIF, and MMP-3. In serum samples, infantile
GM1 patients had elevated insulin-like growth factor-binding
protein 2 (IGFBP-2) and osteopontin, while the single late-
infantile patient had a significant increase only in osteopontin.
These CSF and serum biomarkers are summarized in Table 1.
Elevation of inflammatory markers in GMI1 reflects disease
severity and highlights the role of inflammation in CNS
pathology.*>

Brain MRS
Magnetic resonance spectroscopy (MRS) has emerged as
a minimally invasive analytical tool for the assessment of
disease progression in the brains of living patients (Figure 2).
With this spectroscopic method, which is coupled to mag-
netic resonance imaging (MRI), suppression of brain water
and lipid signals allows for the quantification of metabolites
in specific brain regions, localizing dysfunctional processes
biochemically and providing a picture of disease severity
(Table 1).3:25:60.152.154

Erol et al (2006) first described the use of MRS in an
infantile GM1 patient noting an increase in choline (Cho),
which includes glycerophosphocholine (GPC) and phos-
phocholine (PCh), and a decrease in N-acetylaspartate
(NAA) when normalized to creatine (Cr) in the thalamus
relative to normal controls.”> (When normalizing NAA to
Cr, it is important to verify that Cr itself does not to
change with disease progression, as in the feline GM1
model discussed in the following paragraph.) A study of
a different infantile GM1 patient similarly identified
a decrease in NAA, while also noting an increase in myo-
inositol (Ins) in the basal ganglia.'>* Regier et al (2016)
performed a more comprehensive MRS analysis of fifteen
patients having late infantile/juvenile GM1 by quantifying
metabolites at four brain regions: superior cerebellar ver-
mis, left thalamus, left centrum semiovale, and midline
parietal gray matter. In all four regions, a significant
decrease in NAA was measured, which continued to
decrease over time in concordance with disease
progression.® The consistent decrease in NAA measured
in infantile and late infantile/juvenile GM1 subtypes is
suggestive of axonal damage or a decrease in neuroaxonal
integrity.**> Other metabolic alterations, including eleva-
tion of Ins, are indicative of gliosis, which is supported by
histopathological findings.'>* Excess membrane turnover,
or the inability to assemble choline-containing molecules
in myelin, may explain the elevation in brain Cho and the
overall isointensity of white and gray matter in advanced
GM1.%° One challenge noted in the acquisition and com-
parison of data from affected individuals is the absence of
values from age-matched controls. Although MRS values
for several metabolites from pediatric patients have been
published, the brain region-specificity is noticeably
absent.'”” Regier et al (2016) attributed the absence of
suitable reference samples to the difficulty in justifying
“the risk of sedation for the purpose of studying normal
children”?
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Table 1 Summary of GMI Biomarkers Identified in the Serum, CSF, and by Brain MRS of Animal Models and Human Patients

Source Biomarker Change () | GMI Subtype | Significance to Disease Progression

Serum' 75133 AST + 2 Liver damage
Calcium - 1,23 Global dysregulation of calcium homeostasis
Creatinine - 2 Low muscle mass; liver damage
Albumin - 1,2 May indicate inflammation, malnutrition, or loss of protein due to an underlying

condition

IGFBP-2 + | Critical to CNS development; insulin sensitivity
Osteopontin + 1,2 Inflammation; lipid metabolism

CSF!734147 AST + 2 Liver Damage
LDH + 2 General tissue damage
NSE + 2 Neuronal injury
MBP + 2 Myelin loss/damage
HB-EGF + 1,2 Neurogenesis; angiogenesis
THP + 1,2 Renal protective; impaired protein catabolism
AACT + I, 2 Protective role during inflammation
HGF + I, 2 Inflammation; tissue regeneration
SHBG + I, 2 Unknown
ENA-78 + | Inflammation; neutrophil recruitment and activation
MCP-1| + | Inflammation; infiltration of macrophages
MIP-la + | Proinflammatory chemokine
MIP-1b + | Proinflammatory chemokine
TNFR2 + | Cytokine receptor; mediates pro- and anti-inflammatory T-cell responses
MIF + I, 2 Inflammation
MMP-3 + I, 2 Extracellular matrix turnover; inflammation
GMI ganglioside + 2 Storage; impaired lysosomal catabolism; cell death
GM3 ganglioside + 2 Generalized lysosomal dysfunction; cell death
Ceramide + 2 Generalized lysosomal dysfunction; cell death
Lactosyl ceramide + 2 Generalized lysosomal dysfunction; cell death
Sphingomyelin + 2 Myelin loss/damage
Sulfatide + 2 Myelin loss/damage
Galactosyl ceramide + 2 Myelin loss/damage
Glucosyl ceramide + 2 Myelin loss/damage
Sphingosine + 2 Generalized lysosomal dysfunction; cell death

Brain MRS>20:55:148 Cho (GPC+PCh) + 1,2 Membrane turnover; myelin loss/damage
NAA - 1,2 Neuronal damage
Cr+PCr + 2 Neuroprotective role; high-energy phosphate metabolism
NAA+NAAG - 2 Neuronal damage
Ins + | Gliosis

Notes: Refer to the text for definition of acronyms. For “Change”, “+” refers to an increase and -

juvenile, and 3 is adult/chronic.

In the feline model of late-infantile/juvenile GMI1,
Gray-Edwards et al (2017) examined six brain regions
and found metabolite levels consistent with previous
human studies.®® In all regions, Cho was significantly
elevated for GM1 cats at 8 months, which is at the time
of humane endpoint. A significant decrease in NAA was
noted in four out of the six regions, including the thala-
mus, temporal cortex, occipital cortex, and cerebellum.
Overall, the regions with the most significant metabolic
abnormalities were the thalamus and the cerebellum. In

.

refers to a decrease. For GMI subtype, | is infantile, 2 is late infantile/

both structures, Ins and Cho were significantly elevated,
while NAA and NAA+NAAG (N-acetylaspartylglutamate)
were significantly decreased. The cerebellum also had
some unique metabolic changes, with a significant increase
in Cr+PCr (phosphocreatine).®

Analyses of brain metabolites in affected children
using MRS represent a promising minimally invasive
tool. However, prolonged sedation of any child for the
purpose of collecting MRS data warrants ethical consid-
eration. If the value of MRS data is rooted in the
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assessment of therapeutic efficacy, other biomarkers iden-
tified in the blood and CSF, neuroimaging strategies out-
lined below, and neurological assessments, represent
alternative modalities, posing fewer risks to the patient.
Nevertheless, MRS provides a minimally invasive, quan-
titative method of evaluating disease status directly in the
brain itself.

Neuroimaging

Atrophy

While brain atrophy has been a common neuroimaging find-
ing in case studies of all subtypes of GM1, two recent multi-
patient studies have applied modern techniques of volumetric
MRI analysis to quantify and localize it. Nestrasil et al (2018)

found significantly decreased brain volumes across multiple
regions in a longitudinal study of 4 infantile, 1 late infantile,
and 2 juvenile patients.”” Regier et al (2016) also quantified
MRI volume and found more substantial changes in late
infantile than juvenile patients. Progressive atrophy of the
cerebrum, cerebellum, and hippocampus was common in late
infantile patients but much less frequent in juvenile patients.’
A detailed, qualitative MRI study of an adult patient with
GM1 localized cerebral atrophy to the frontal and temporal
cortices. Non-quantified generalized atrophy was also noted
on CT and MRI in 3 other case studies of varying
subtypes.'*!®3! Similar atrophic findings are present in
a feline model of juvenile GM1 but are minimized by intra-
cranial gene therapy treatment.*

NAA
Cr Metabolite | Concentration

Cho Ins 13.236
Ins Cho 2.250
Cr 5.807
NAA 5.672

T T T

3 2 1

ppm
Cerebellum
2 months 8 months 2 months 8 months

GM1

Normal

Figure 2 An example of data collected from Magnetic Resonance Spectroscopy (MRS) and MRI of normal and GM| cats. Cerebellar voxel defined in the cat for measurement of
'"H MRS (open white square) (A). Example 'H spectrum with metabolites labeled and data output for the respective metabolites (B). Transverse T2w images of the cerebral cortex
and cerebellum in normal and GMI cats at 2 and 8 months of age. The isointensity of gray and white matter is prominent at 8 months for both the cerebral cortex and cerebellum of
GMI cats compared to normal controls. In GMI cats, atrophy is mild and unilateral ventriculomegaly is apparent in the provided example (also occurs in normal controls) (C).
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Hypomyelination Basal Ganglia

A clear distinction regarding myelin loss exists between =~ While neuroimaging abnormalities within the basal
GM1 subtypes, in which studies of infantile and late ganglia are common across all subtypes of

infantile patients almost universally report hypomyelina-
tion, while studies of juvenile and adult/chronic patients
either omit a discussion of white matter entirely or state
that it is normal. Hypomyelinated white matter (defined
for this review as simply a reduction in myelin content
compared to normal controls) appears diffusely hyperin-
tense on T2-weighted MRI, hypointense on T1-weighted

MRI, or hypo-attenuated on CT. Most studies
reported these changes in cerebral cortical white
matter,2>! 28154711 though some also specified lesions

154,158 3,159

in the cerebellar cortex or deep white matter.
Similar alterations are found in canine and feline models
of GMI1,°*'*? with normalization of white matter/gray
matter MRI intensities after intracranial gene therapy in
GM1 cats. Van der Voorn et al (2005) reported radial
stripes of hypointensity within hyperintense cerebral
white matter (antemortem T2-weighted and postmortem
FLAIR MRI) in a 7-month-old infantile patient that corre-
lated to areas of weak Luxol Fast Blue staining on histo-
pathological evaluation.'*® This pattern was also noted by
Brunetti-Pierri et al (2008) in a 10-month-old infantile
patient, though concurrent CNS histopathology was not
discussed.'> While several authors proposed causes for

156

hypomyelination such as demyelination, delayed

myelination,'>” or leukomalacia, current neuroimaging
technology is unlikely to single-handedly elucidate this

phenomenon, and a multi-modal approach is needed.

Thalamus

Similar to white matter lesions, abnormal findings in the
thalamus have only been reported in patients with the
infantile or late infantile subtypes of GM1 gangliosidosis.
The thalamus appears hypointense on T2-weighted

MRI’3,25,156,157,159—161 Tl-weighted
T 25.157.160

hyperintense  on
MR, 154157.160.161 ;. hyper-attenuated on C
of these

an  excessively
25,156,157,161

Proposed causes lesions include calcium

25,156,157

deposition, hydrophobic

or abnormal 1ol

environment, myelination.
While the thalamic imaging abnormalities are opposite
those in white matter (ie, hypointense on T2-weighted
MRI rather than hyperintense), the strict occurrence in
only early-onset patients as well as the thalamic function
of integrating gray matter nuclei and white matter tracts

could indicate myelin-related pathological processes.

GM1,3’13’16’29’31_33’154’156’157’159’160’163_166 a hallmark lesion

is posterior putaminal hyperintensity on T2-weighted MRI
scans,>!1316:2931.33.1647166 pronased causes of this change

include neuronal loss with secondary gliosis,"® iron

deposition,'® and ganglioside storage,'® with Uyama et al
(1992) postulating that this lesion could be the cause of
severe dystonia in adult/chronic patients.'® Lesions of the
individual basal ganglia appear to be independent from each
other, since the caudate follows a similar intensity pattern to
the putamen (hyperintense on T2-weighted and proton den-
sity images), but the globus pallidus and substantia nigra
display the opposite pattern (hypointense on T2,2%!3%15?
susceptibility,”® and diffusion-weighted®' scans, hyperin-
tense on Tl-weighted scans®'). An explanation for these
differences has yet to be offered, which could be partially
due to the tendency of some studies to generalize observed
intensity changes as affecting “basal ganglia”, rather than
specifying individual structures. Because this group of nuclei
is functionally diverse and GM1 gangliosidosis causes dif-
ferent neuroimaging changes across patients, future studies
should distinguish these structures from each other when
reporting lesions.

Management
There are no current effective FDA-approved treatments for
GM1, though advances in gene therapy are rapidly gaining
traction with human clinical trials underway. Targeted research
approaches for the treatment of GM1 typically align with one
of the following areas: substrate
(SRT), 3099102167168 oone

stem cell transplantation,
56,87,89,90

reduction therapy

enhancement
83-86 enzyme

or gene therapy 76064

therapy
(EET),5:91:93.94.169-171
replacement therapy (ERT),
(Figure 3). These therapeutic approaches aim to slow clinical
progression, increase quality of life, and extend life expec-
tancy through reduction of GMI1 ganglioside content,
enhancement of residual f-gal activity, or introduction of an
exogenous active 3-gal cDNA or enzyme. Developing thera-
peutics for CNS diseases is challenging because of the semi-
permeable blood-brain barrier (BBB), which must be pene-
trated for any potential treatment to be effective.

Substrate Reduction Therapy

In GM1, SRT relies on potent inhibitors of GSL

99-102

biosynthesis. However, inhibiting ganglioside
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synthesis without a means of degrading previously accu-
mulated substrate may minimize the impact of SRT on
clinical disease. Thus, some degree of residual B-gal
activity is thought to be essential, limiting the utility
of SRT to non-infantile patients.’® The N-alkylated
imino-sugar derivatives N-butyl-deoxynojirimycin (NB-
DNJ), which is FDA approved for the treatment of
type, 100:172:173 N-butyl-
deoxygalactonojirimycin (NB-DGJ) are promising

Gaucher  disease and

102

candidate inhibitors of glucosylceramide synthase,

which catalyzes the first committed step of GSL

. . 1 1
biosynthesis.'?%!"3

Miglustat, N-Butyl-Deoxynojirimycin
(NB-DNJ)

NB-DNIJ is known commercially as Miglustat and mar-
keted under the trade name Zavesca.'”’ Identified as an
inhibitor of the N-linked oligosaccharide processing

enzymes o-glucosidase I and II within the ER, NB-DNJ
is also a potent inhibitor of HIV replication and syncytium
formation.'”* As an inhibitor of glucosylceramide
synthase, NB-DNIJ effectively blocks the synthesis of glu-
cosylceramide, a target substrate of
glucocerebrosidase.””'°*!”* In patients with Gaucher dis-
ease Type 1, deficiency of glucocerebrosidase leads to
lysosomal storage of glucosylceramide in peripheral
tissues.””'* Interestingly, NB-DNIJ effectively crosses
the BBB, making it a candidate for the treatment of other
LSDs with GSL and CNS involvement, including
GM .00 10LI68I75177 8 o017~ mice treated with NB-DNJ
showed no significant increase in survival compared with
untreated mice due to exacerbation of intrinsic gastroin-
testinal tract dysfunction.'®' However, there was signifi-
cant functional improvement and a decrease in
neuroinflammation.'®"'** In three Italian patients with
juvenile or adult forms of GM1 gangliosidosis, NB-DNJ

produced clear improvements in clinical presentation

Figure 3 Management of GMI| Gangliosidosis. Clockwise, beginning on the left: Pharmacological chaperones for enzyme enhancement and small molecules for substrate
reduction therapy (I1-7), stem cell transplantation, gene therapy, and enzyme replacement (RCSB PDB ID: 3THC).'
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suggesting that the reversal of disease progression is pos-
sible in certain populations.

Despite these clear positive outcomes, the exact ther-
apeutic mechanism remains under investigation. Whether
NB-DNIJ solely acts to inhibit GSL biosynthesis or has
a secondary supportive role as a pharmacological chaper-
one for defective p-gal is unknown.'”? Treatment of indi-
viduals, animals, or cell lines of varying genotype with
Miglustat has
Therefore, whether Miglustat is effective for all patients

not been explored comprehensively.

with attenuated forms of GM1 remains an area of active
investigation. Nevertheless, as foreshadowed by the mouse
studies, gastrointestinal side effects are common in
patients, causing many to discontinue use of Miglustat
even if mild efficacy is achieved.

N-Butyl-Deoxygalactonojirimycin
(NB-DG))

NB-DGJ, a galactose derivative, similarly inhibits gluco-
sylceramide synthase. B-gal”™ mice treated with NB-DGJ
had a dose-dependent depletion of GSLs in visceral organs
following treatment for 10 days. Additionally, B-gal””~ mice
had a 50% increase in life span compared with untreated
controls and a significant decrease in neuroinflammation. '’
Neonatal mice treated with NB-DGJ had a significant
reduction in brain GM1 ganglioside.'®*'®® These results
highlight the potential of SRT as an effective early inter-
vention for GM1 gangliosidosis.

Pharmacological Chaperones
Pharmacological chaperones were originally designed as
competitive inhibitors of B-gal, promoting proper folding
and stabilizing the enzyme in its active state for safe
transport to the lysosome.”’?>'7#180 Unstable mutant
enzymes in the absence of PCs are rapidly processed by
ER-associated protein degradation. In some cases, mis-
folding and aggregation of mutant 3-gal leads to ER stress,
the UPR, and apoptosis.''> However, certain mutations to
the GLBI gene result in early termination and nonsense-
mediated decay, or protein structures incapable of
stabilization.'"* Also, chaperone effects are often mutation-
specific, so evaluation of each chaperone in the context of
each genotype is critical (Table 2),3>-93795:97.98.178.181
Most chaperones are imino-sugar, 4-epi-isofagomine, or
valienamine derivatives.”'*>71°182 The most heavily stu-
died small molecules, NB-DNJ and NB-DGJ, are imino-sugar

derivatives of glucose and galactose, respectively.’*'™

Although NB-DNJ and NB-DGJ have been marketed for
SRT through inhibition of glucosylceramide synthase, p-gal
enhancement may more clearly define the decrease in gang-
lioside accumulation.>®!0:192:172183 [ndeed, NB-DNJ treat-
ment of COS7 cells transiently transfected with different
Gaucher mutations revealed significant [-glucosidase
enhancement.'” In a study examining the chaperone capabil-
ities of NB-DNJ stereoisomers, p-NB-DNJ (Miglustat) was
highlighted as a weak inhibitor of p-gal.'®* NB-DGJ treatment
of mouse fibroblasts expressing human -galactosidase muta-
tions associated with attenuated forms of GM1 resulted in
significant increases in p-gal activity and affirmed its utility
in both SRT and EET.* A thorough analysis of the inhibitory
and enzyme enhancement potential of these imino-sugar deri-
vatives in the context of mutant lysosomal hydrolases is war-
ranted given the structural similarities to known competitive
inhibitors of B-gal including the N-alkylated imino-sugar deri-

vative N-nonyl-deoxygalactonojirimycin (NN-DGJ).””

Galactose

Treatment of p.T329A/p.R442Q GM1 patient fibroblasts
with galactose, which is bound to the active site of B-gal
during GM1 ganglioside cleavage, led to a 2.5-fold
increase in B-gal activity. Transient transfection of B-gal-
deficient COS7 cells with GLBI having either mutation
revealed that p.R442Q was the target of enzyme enhance-
ment. Interestingly, normal fibroblasts treated with galac-
tose had a significant reduction in B-gal activity to 7.8%
of normal values.”® Though the effect of galactose in
GM1
improvement in cardiac function in a patient with Fabry

patients is unknown, it provided substantial
disease (o-galactosidase A deficiency). Cardiac pathol-
ogy was so severe in this patient that he was awaiting
a heart transplant. Intravenous infusion of galactose
increased enzyme activity 2.8-fold over baseline,
decreased cardiac mass by 20%, and improved left ven-
tricular ejection fraction from 32% to 55%. The patient
was able to return to full-time work as a bus driver due to

galactose infusion therapy.'®’

Sugar Mimetics as Chaperones
N-Nonyl-Deoxygalactonojirimycin (NN-DG])

The N-alkylated imino-sugar derivative NN-DGJ was
identified as a potent inhibitor of B-gal in vitro with an
IC50 value of 0.12uM, nearly 30 times lower than NB-
DGJ and more than 150 times lower than deoxygalacto-
nojirimycin (DGJ).”” Though therapeutic efficacy was
achieved at concentrations ~15 fold more than the 1C50,
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Table 2 Pharmacological Chaperone Influence on Mutant -Gal Activity

Pharmacological Chaperones - GM|

[Molecular Structures in Figure 2]

Mutation (Fold Enhancement of p-gal Activity) in Each GMI Subtype

R148S/D332N (4)

Type | Type 2 Type 3

Iminosugar derivatives

Miglustat (NB-DNJ) [3] - - -

DGJ*® R201C (5.8) R201H (1.8)
R457Q (5.3)

NB-DGJ*° [4] R201C (5) R20IH (2.8)
R457Q (6.1)

NN-DG)* [5] R351X (-) R201H/IVS14-2A>G (7.8) GA438E (-)

R201H/W509C (13.8)

DLHex-DGJ'®* [7] 181K (2.1) R201C (9.4) GA438E (2.3)
C230R (9) R201H (11.1)
Y270D (1.7)
A301V (1.3)
Y333H (1.8)
P549L (1.4)
R208C (2.5)
6S-NBI-DG)'7>'7® R59H (-) R201C (3) I51T (2.5)
GI90D (2) G438E (2.5)
R457Q (2) R201H/G481X (3)
4-epi-isofagomine derivatives®'7® [1]
(5ar)-5a-C-pentyl-4-epi-isofagomine”> RS9H (1.4/1.1)* R201C (5.4/15) I51T (1.6)
R208C/IVSI0+IG>A (4.4) SI9IN/R35IX (I1) G438E (2)
Q255H/K578R (20) R201H/c.247dup! (3.5) R442Q/W92X (1.5)
H281Y (35) R201H/G76E (6.7) R457Q (7.3)
P549L (-) R201H/H281Y (4.7)
R351X (-)
Sugars
Galactose” [2] R442Q (2.5)
Valienamine derivatives
NOEV®° 6] G190D (6) R201C (5.1) R201H (4.5)
R457Q (2.4)
I51T (-)
R201H/G481X (3.5)
6-deoxy-NOEV HCI'®° R201C (5.2)
N-octyl-(+)-conduramine F-4 HCI'®° R201C (5.4)
N-2-ethylbutyl-(+)-conduramine F-4 HCI'® R201C (7.4)
N-cylcohexylmethyl-(+)-conduramine F-4 HCI'® R201C (8.5)

Notes: Type |, 2, and 3 refers to infantile, late infantile/juvenile, and adult/chronic, respectively. Mutations in B-gal protein were assigned given literature precedent, but may be
found in heterozygous allelic combinations of all subtypes. 6S-NBI-DG) and NBT-DGJ were reported as very weak inhibitors of B-gal, but low micromolar inhibitors of -
glucocerebrosidase or a-gal, respectively, and were not included. [1-7] correspond to molecular structures in Figure 3. Fold-change is variable and dependent on concentration of
chaperone, frequency of dose, and experimental system. PC treatment of patient fibroblasts, murine fibroblasts, feline fibroblasts, transiently transfected -gal-deficient fibroblasts,
and transiently transfected f-gal-deficient COS7 cells is represented. *Maximal fold enhancement of B-gal activity from two different homozygous patient lines.
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a foundational hypothesis of enzyme enhancement therapy
is that, once the chaperone:enzyme complex reaches the
lysosome, supranormal concentrations of the native sub-
strate will displace the chaperone.

In GMI1 fibroblasts from cats expressing p.R483P
mutant B-gal, analogous to p.R482H in humans, a 6-fold
increase in B-gal activity and effective lysosomal targeting
of feline B-gal was detected after NN-DGJ treatment. The
enhancement of other lysosomal enzymes was not
detected, suggesting NN-DGJ acted as a [-gal-specific
chaperone. These results described the first large animal
model with a responsive genotype to EET and clinical
phenotype consistent with GM1 disease progression, sup-
porting in vivo studies for EET validation.”®

Methyl 6-{[N2-(Dansyl)-Né-(1,5-Diyl)-L-Lysyl]amino}
Hexanoate |-Deoxygalactonojirimycin (DLHex-DGJ)
DLHex-DGJ, an imino-sugar derivative, was synthesized
and analyzed comprehensively for PC activity of mutant -
gal in GM1 fibroblasts. Of the 13 fibroblast lines exam-
ined, four had a significant increase in B-gal catalytic
activity, normalization of (-gal transport to the lysosome,
and efficient lysosomal processing of B-gal precursors.'”!

5N,6S-(N’-Butyliminomethylidene)-6-Thio-

| -Deoxygalactonojirimycin (6S-NBI-DG]J)

The sp’-iminosugar inhibitor 6S-NBI-DGJ, which has
a rigid bicyclic core and a hydrophobic aglycone substi-
tuent, binds specifically to the active site of f-gal with an
IC50 of 32uM'®'. Fibroblasts from human GM1 patients
expressing p.R201C or p.R458Q mutant B-gal had sig-
nificantly increased enzymatic activity after treatment. In
contrast to NOEV (discussed below), 6S-NBI-DGJ sig-
nificantly enhanced B-gal activity in fibroblasts also
expressing p.I51T or p.G438E mutations.'®! Of the 88
mutations examined by transient transfection of B-gal-
deficient COS7 cells, 24 responded positively to EET
with 6S-NBI-DGJ. Further, studies in mice expressing
human p.R201C mutant B-gal showed that 6S-NBI-DGJ
is capable of crossing the BBB, enhancing B-gal activity
throughout the CNS, and reducing GMI1 ganglioside

content. 178,181

Valienamine Derivatives as Chaperones
N-Octyl-4-Epi-B -Valienamine (NOEV)”*

Modification of a glucocerebrosidase inhibitor through
removal of its ceramide moiety and substitution with ali-
phatic chains led to the identification of N-octyl-4-epi-p-
valienamine (NOEV) as a potent competitive inhibitor of

B-gal and a candidate for EET. In human and mouse GM1
fibroblasts having p.R201H or p.R201C mutations, respec-
tively, NOEV administration led to a marked increase in f3-
gal activity and subsequent reduction in GM1 ganglioside
content.”> B-gal activity was normalized to a lesser extent
in p.R457Q, p.W273L, and p.Y38H GMI patient cell
lines. Perhaps most remarkably, NOEV achieved similar
restorative effects at 2,500-fold lower concentrations than
DGJ and NB-DGJ.”> NOEV treatment of B-gal-deficient
fibroblasts transiently transfected with each of 94 different
human GLBI mutations, identified 22 missense mutations
that responded therapeutically.”*'’® Oral administration of
NOEYV for one week to a mouse model of late infantile/
juvenile GM1 gangliosidosis (p.R201C human B-gal muta-
tion) revealed efficient distribution throughout the CNS
and peripheral tissues with a congruent increase in -gal
activity.”> Long-term oral administration of NOEV to p.
R201C mice increased B-gal activity throughout the brain
and viscera, reduced GM1 ganglioside content, and pre-
vented neurological deficits. No adverse effects were iden-
tified in studies, supporting NOEV as
a candidate for EET in humans.”'-**

long-term

N-Substituted (+)-Conduramine F-4

Derivatives

N-substituted (+)-conduramine F-4 derivatives were
synthesized from NOEV and provide moderate inhibition
of B-gal. Treatment of mouse fibroblasts expressing human
p.R201C mutant B-gal had variable levels of enzyme
enhancement. Several of these candidate chaperones are

included in Table 2.'8¢

4-Epi-Isofagomine Derivatives as

Chaperones

Derivatives of 4-epi-isofagomine exhibit inhibitory activity
for multiple human glycosidases.””'®* (5aR)-5a-C-pentyl-
4-epi-isofagomine, an exceptional inhibitor of lysosomal
B-galactosidase, was found to be highly selective for
B-gal, with only weak inhibition of B-glucosidase.”” Other
S5a-C-alkyl derivatives of 4-epi-isofagomine had similar
inhibitory profiles. 5a-C-2-phenylethyl-4-epi-isofagomine
and 5a-C-nonyl-4-epi-isofagomine were identified as strong
inhibitors of lysosomal -gal, with distinct inhibitory poten-
tial recorded for p-glucosidase.'®* The nonyl analog was
a more potent inhibitor of B-gal but was also a strong
inhibitor of B-glucosidase. In contrast, 5a-C-methyl-4-epi-
isofagomine only moderately inhibited p-gal with an IC50
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of 250nM. Further, 5Sa-C-pentyl-4-epi-isofagomine signifi-
cantly enhanced mutant 3-gal activity in 11 out of 21 human
fibroblast lines from GMI1 gangliosidosis patients.”’
For some B-gal mutants, treatment with Sa-C-pentyl-4-epi-
isofagomine led to a greater than 20-fold increase in
activity. Studies assessing the ability of 5a-C-pentyl-4-epi-
isofagomine to traverse the BBB will be critical to its
therapeutic efficacy in human GM1 patients.

Despite efficacious results in vitro, EET remains
a controversial therapeutic strategy. Treatment of small
and large animal models that recapitulate aspects of
GMI disease progression clinically, and possess mutant 3-
gal amenable to EET, will be critical for translation of PCs
to human application.

Stem Cell Transplantation

Bone marrow transplantation (BMT) is an efficacious pro-
cedure for several LSDs with primary involvement of
peripheral organs, including Gaucher disease, mucopoly-
saccharidosis I (MPS-I), and MPS-IL.*> BMT in patients
with neurological symptoms did not slow or reverse dis-
ease progression. However, visceral features, including
hepatosplenomegaly and cardiac hypertrophy, were mark-
edly improved following BMT.*® These results suggest
treatment of GM1 gangliosidosis by unmodified BMT
may reduce visceral features, but the correction of neuro-
logical symptoms would require an alternative approach.
The risk of mortality following BMT should be considered
in the context of each patient case.

BMT from a fully HLA-matched (older sister) donor to
an asymptomatic 7 month old with juvenile GM1 had no
effect on neurological disease progression, in agreement
with earlier studies examining other neuropathic
LSDs.**® The child developed normally until 20-25
months, at which point regression was noted.®® Unlike
the outcome for the human patient, p-gal”’” mice treated
with bone marrow derived cells transfected with
a therapeutic retroviral vector developed B-gal activity in
several brain regions, including the cerebellum, brain
stem, hippocampus, thalamus, and cortex.®® These regions
had a decrease in inflammation and UPR-induced apopto-
sis, and treated mice had improved function in rotarod and
open field testing. The authors concluded that BMCs tra-
velled to the CNS on a chemokine gradient initiated by
neuroinflammation.®® Based on these results, BMT may be
more effective in symptomatic GM1 patients. However, it
is also important to consider that, in contrast to patients,
GMI mice were treated with bone marrow transduced with

a retroviral vector that over-expressed B-gal, increasing the
amount of secreted enzyme available for cross-correction.
BMT in GM1 patients may be effective if similar strate-
gies of over-expressing B-gal are employed. Pre-clinical
and clinical studies in metachromatic leukodystrophy,
a related LSD, have demonstrated the importance of
enzyme over-expression for treatment of neurological dis-
case features.'®’ %

Transplantation of fetal brain cells (FBC) or bone-
marrow-derived mesenchymal stem cells (MSC) from
mice over-expressing [-gal, was also able to effectively
treat neurological disease short term for B—gal'/’ mice.®
However, short-term efficacy did not result in long-term
benefit. Grafted cells were not detected at six months post
treatment for mice administered MSCs, or a mixture of
MSCs and FBCs, and FBC number significantly decreased
over time.**

Enzyme Replacement Therapy
Early enzyme replacement therapy (ERT) strategies for
GM1 involved the use of liposomes as vehicles for -gal
delivery to affected feline fibroblasts in vitro. These stu-
dies highlighted the necessity of carriers for enzyme deliv-
ery and the value of liposomes in the treatment of LSDs.®
In recent years, strategies for enzyme delivery have
evolved to address the cell-specific challenges of cellular
uptake mechanisms. Through an attempt to identify new
delivery strategies for ERT in patients with GMI1, an
alternative cellular-uptake method was proposed: adsorp-
tive-mediated endocytosis. Fusions of a plant galactose/
galactosamine-binding lectin (RTB) and human p-gal were
effectively endocytosed by GM1 patient fibroblasts with
activities matching normal mammalian cell-derived B-gal.
These RTB-B-gal fusions were processed in the cell, which
rapidly cleaved and degraded the RTB lectin. The detec-
tion of active P-gal 48 hours post-treatment suggested
protective cellular interactions with the enzyme.®” Use of
this system in GMI represents an alternative uptake
mechanism that, though yet unproven in vivo, may be
effective in the delivery of active enzyme to the CNS.
Other delivery methods for ERT have focused on the
use of co-polymeric nanoparticles. In one study, Gupta
et al (2017) delivered B-gal to affected mouse fibroblasts
using arginase-responsive dextran sulfate/poly-L-arginine
polymer capsules.® To load active B-gal into the capsules,
a step-wise process and hierarchical assembly was
required. B-gal first bound calcium carbonate templates,
which was followed by alternating the assembly of dextran
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sulfate and poly-L-arginine layers. The resulting multi-
lamellar capsule relies heavily on electrostatic interactions
for structural integrity, and its mechanism of delivery
remains unclear.®®

Poly(ethylene glycol)-b-poly(lactic acid) (PEGPLA)
polymersomes have also been investigated as effective car-
riers of B-gal. Kelly et al (2017) described efficient loading
and release of B-gal from PEGPLA nanoparticles.* Though
the mechanism of cellular uptake remains uncharacterized, -
gal was internalized and transported to the lysosome of
fibroblasts from GM1 cats. Treated fibroblasts from GMI
cats had a significant increase in -gal activity relative to
untreated controls, supporting the use of polymersomes in
ERT of LSDs. To target the CNS, the PEG moiety was
modified with ApoE, a candidate for transcytosis across the
BBB. ApoE-modified polymersomes efficiently delivered
22-fold more B-gal to fibroblasts than the same dose of

unencapsulated p-gal.*

These results served as a proof-of-
concept approach to CNS delivery, but in vivo delivery of -
gal polymersomes to GM1 animal models will be crucial to
determining the potential efficacy of this ERT in patients.
Recent work by Chen et al (2019) showcased the cation-
independent  mannose-6-phosphate  receptor-mediated
endocytosis of recombinant human beta-gal (rhBeta-Gal)
in a vehicle-free treatment of both human fibroblasts and -
gal”” mice.’® In fibroblasts, a single 3nM dose of rhBeta-Gal
was sufficient to normalize enzyme activity for up to six
weeks. Intracerebroventricular (ICV) injection of rhBeta-
Gal to p-gal”™ mice over the course of eight weeks revealed
normalization of secondary neuropathology including
LAMP2 expression, astrogliosis, and microgliosis. Broad
bilateral distribution of rhBeta-Gal to critical regions of
GMI1 pathology was detected in B-gal” mouse cohorts
administered a single dose, doses twice weekly for two
weeks, and a single dose weekly for eight weeks. RhBeta-
Gal was detected in the vasculature of all cohorts and in the
liver and bone marrow of mice treated for eight weeks,
further supporting ICV administration of rhBeta-Gal as an

ERT strategy for GM1 CNS and peripheral pathology.”

Gene Therapy

Gene therapy represents a promising therapeutic approach
for monogenic diseases including GM 1. However, in genetic
diseases with neuropathology, achieving global distribution
of viral genomes or diffusion of active enzyme throughout
the CNS is challenging. Not only does the BBB impede
intravenous delivery of therapeutics to the brain, but methods
of bypassing the BBB by intrathecal or intracranial injection

are invasive.””®'"% Despite these challenges, gene therapy
has the potential to alleviate symptoms and halt disease
progression with a single treatment. For GMI, studies in
mice and cats have led to the initiation of an ongoing phase
Il clinical trial for children with GMI°7¢!"¢31%0
(ClinicalTrials.gov Identifier NCT03952637) and hope for
a future.

In early gene therapy studies, retroviral delivery of
GLB] to human infantile GM1 patient fibroblasts resulted
in complete correction of B-gal deficiency. However, the
newly synthesized human (3-gal was transferred to untreated
cells at low efficiency during cross-correction.*’ An in vivo
study of adenovirus-mediated intravenous delivery of
mouse B-gal to P-gal”” mice resulted in a significant
increase in -gal activity to above normal values in periph-
eral tissues and to 10-20% throughout the brain.*> Mice
were injected via the superficial temporal vein 24 to 48
hours after birth, at which point the BBB is incompletely
formed. This experimental design promoted distribution of
vector throughout the brain and highlighted the potential for
intravenous gene therapy as an early therapeutic strategy.®*
A significant attenuation of GM1 accumulation in the cere-
brum at 30 days post-treatment was also identified.
However, by 60 days post-treatment, GM1 ganglioside
content in all treated mice was above normal values.®”
Most individuals with GM1 are diagnosed after symptom
onset when the BBB may be fully intact,'** presenting
a challenge for adenovirus-based therapies administered
intravenously. Additional challenges arise from immune
responses to adenovirus vectors, which are derived from
the virus for the common cold to which many have pre-
existing immunity.

To target GM1 neuropathology directly, Broekman
et al (2007) treated neonatal B-gal”” mice using bilateral
ICV delivery of an adeno-associated viral serotype 1
(AAV1) vector encoding mouse B-gal.®' High levels of p-
gal (7 to 65 times normal) were detected throughout the
brain of treated mice at three months of age, and brain
GSL levels were normalized. However, B-gal activity in
the liver was not significantly increased relative to
untreated B-gal'/ " mice.®!

In a follow-up study, Broekman et al (2009) performed
intraparenchymal injection of the hippocampus to identify
routes of brain and systemic distribution of AAV vector
genomes.®” Mouse B-gal was deteted in both physically
and synaptically connected areas of the brain, supporting
three methods of distribution: 1) diffusion, 2) axonal trans-
port from neurons at the site of injection, and 3) CSF flow in
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the Virchow-Robin perivascular space. Further, evidence of
axonal transport of vector encoded mRNA suggested inter-
connected brain regions were treated the most effectively.®
In the translation of these findings to future studies and
clinical trials, the authors urged careful consideration of
the routes of administration and target brain regions.

To identify the optimal intracranial injection sites for
complete CNS distribution, Baek et al (2010) chose sites of
high connectivity within the cerebrum and cerebellum.®®
Two cohorts of six to eight-week-old mice were injected
bilaterally with AAV1 encoding mouse B-gal to the thala-
mus alone or the thalamus and deep cerebellar nuclei
(DCN). Both cohorts had a significant increase in survival
compared to the 38 week lifespan of untreated mice. Mice
that received only thalamic injections had a median lifespan
of 45 weeks, while almost all mice treated in the thalamus
and DCN survived to the 52 week experimental endpoint.
Though the lifespan of GM1 mice clearly was extended by
treatment, little functional improvement was observed com-
pared to untreated mice.®®

AAV-mediated GLBI delivery in a feline model of GM1
gangliosidosis provided important support of potential ther-
apeutic efficacy in humans. Not only are cats gyrencephalic,
but the cat brain is only ~20 times smaller than the human
infant brain while the mouse brain is ~1000 times smaller.
AAV1 or AAVrh8 vectors expressing a feline f-gal cDNA
were injected bilaterally to the thalamus and DCN of GM1
cats. B-gal activity was restored to ~1-5 fold normal through-
out the brain and spinal cord, and neurological function/
quality of life improved dramatically. As of the current pub-
lication, mean survival of AAV-treated GM1 cats is 5.4 years
compared to an untreated lifespan of 8.0+0.6 months, and
two animals remain alive and in good health at 9.9 and 10.8

years of age® "

(and unpublished data). Peripheral disease
was not detected and may be due to the leakage of AAV into
the blood during the initial injection or following CSF reab-
sorption into the circulatory system. Seizures were present in
one-half of the treated cats and attributed to the suboptimal
restoration of -gal activity throughout the temporal lobe.
Both serotypes of AAV had similar clinical outcomes.’’
Despite the invasiveness of intracranial injections, these find-
ings support human clinical application of intracranial gene
therapy for this fatal neurologic condition.

With the report in 2009 that AAV serotype 9 efficiently
crosses the BBB following IV injection, a new era of CNS
gene therapy began.'”' Additionally, an earlier study con-
cluded that AAV9 vector genomes undergo axonal transport
to distant neuron cell bodies.'”> To examine the efficacy of

intravenous gene therapy for GM1, an AAV9 vector expres-
sing mouse gal was injected via the tail vein of six-week-old
B-gal”" mice at a dose of 1.5x10" vg/kg body weight.'”
Treated mice survived 90% longer than untreated control
mice. A gender effect was observed, with treated males sur-
viving 59% longer and treated females surviving 118% longer
than controls (p<0.0003 for both cohorts). Survival increases
were accompanied by improved neuromuscular function and
cognitive behavior, as measured by rotarod, inverted screen,
and home cage testing. B-gal activity in the cerebrum and
cerebellum was restored to ~16-24% of normal after treat-
ment. Also, B-gal activity ranged from 22.7% (males) to
51.7% (females) of normal in the brainstem and from 79.1%
(males) to 242.3% (females) of normal in the spinal cord. It is
thought that lower liver transduction in GM1 females led to
higher transduction of the brain and thus increased longevity.
Restoration of B-gal activity in the CNS led to corresponding
decreases in GM1 ganglioside storage in the cerebrum (47—
80%), cerebellum (38-52%), brainstem (69—72%), and spinal
cord (88-100%). Astrogliosis, a prominent feature of
untreated GM1 mice, was substantially reduced, providing
further evidence of therapeutic benefit.'”® Intravenous AAV9-
mediated GLB! delivery to GM1 cats produced results similar
to those of mice. Normalization of GM1 ganglioside content in
most brain regions was notable in treated cats at >40 months of
age, and [-gal activity was significantly increased throughout
the brain, reaching normal levels in several regions (unpub-
lished data). Strong and consistently positive results from pre-
clinical gene therapy studies have led to clinical trials currently
underway or nearing initiation.

Clinical Trials

Initial studies to treat GM1 gangliosidosis by gene therapy
focus on AAVY for intravenous delivery (ClinicalTrials.gov
Identifier NCT03952637) or AAVrh10 or AAVhu68 for
CSF-mediated delivery via the cisterna magna
(NCT04273269 or NCT04713475, respectively). Vectors
include a human GLBI ¢cDNA, and doses based on body
weight range from 1.5-4.5x10"® vg/kg (IV) or 8.0x10'* vg/
kg or greater (CSF). The trials will enroll infantile and late
infantile/juvenile GM1 patients. At the time of publication,
the clinical trial of CSF-administered AAVrhl0 or
AAVhu68 were preparing to begin recruiting patients
while initial results of IV administration in a GM1 patient
had been published in the form of a press release (Axovant,
http://investors.axovant.com/news-releases/news-release-

details/axovant-provides-clinical-program-update-axo-aav-

gml-novel). AAVO treatment was generally well tolerated

submit your manuscript

226

Dove

The Application of Clinical Genetics 2021:14


http://investors.axovant.com/news-releases/news-release-details/axovant-provides-clinical-program-update-axo-aav-gm1-novel
http://investors.axovant.com/news-releases/news-release-details/axovant-provides-clinical-program-update-axo-aav-gm1-novel
http://investors.axovant.com/news-releases/news-release-details/axovant-provides-clinical-program-update-axo-aav-gm1-novel
http://www.dovepress.com
http://www.dovepress.com

Dove

Rha et al

and, through six months post-treatment, the patient was
reported to have had clinically significant improvements
based on neurological exam, the Vineland-3 scale, Clinical
Global Impression (CGI) assessments, and nutritional sta-
tus. The patient reportedly regained her ability to swallow
more effectively and had meaningful weight gain. While
these clinical trials continue to follow treated patients for
evidence of safety and efficacy, other gene therapy trials are
in the planning stage. A separate clinical trial of Miglustat
combined with a ketogenic diet is also underway
(ClinicalTrials.gov Identifier NCT02030015). It is hoped
and anticipated that these clinical trials will pave the way
for effective treatment of GM1 gangliosidosis and other
monogenic neuropathic diseases.

Conclusion
GM1 gangliosidosis incidence, etiology, and clinical features
limit the resources available for the definition of relevant
disease mechanisms and the development of efficacious ther-
apeutic strategies. From the molecular examination of patients
with GMI1, we know that mutation of lysosomal acid
[-galactosidase leads to attenuation or loss of enzyme activity
and accumulation of its substrates in both the CNS and visceral
organs. The defining neuropathic features of GMI reflect
a neurodegenerative disease process and are the focus of
therapeutic design and development. Although B-gal defi-
ciency and accumulation of undigested substrate is central to
GMI1 etiology, the impact of lysosomal storage on normal cell
physiology is still unclear. However, it is clear that feedback
inhibition does not prevent the biosynthesis of storage mate-
rial, and no enzymatic redundancies exist for the catabolism of
GM1 ganglioside or other B-linked galactose-containing gly-
coconjugates. Future studies examining how storage impacts
lysosomal integrity, the endo-lysosomal network, and global
catabolism of cellular substrates will be critical to identifying
the most efficacious therapeutic strategies. Lysosomal or gen-
eral cellular dysfunction may limit the efficacy of strategies
seeking to restore B-gal activity in advanced disease states.
Advancements in the design and development of pharma-
cological chaperones will be best supported by pre-clinical
models that recapitulate human disease progression. High-
throughput or near-high-throughput approaches that examine
all known genotypes in the context of distinct PCs will best
identify those that respond efficaciously and propel translation
to appropriate GM1 patients. A promising three-dimensional
cell culture model that may serve as a pre-clinical substitute for
animals in the future is the cerebral organoid. These iPSC-
derived miniature organs (brains) in a dish have been used to

recapitulate neurodevelopment and neuropathology for several
diseases including GM 1%, CRISPR/Cas-editing of GLB! in
iPSCs to generate isogenic lines possessing distinct GM1
alleles for culture of cerebral organoids would support the pre-
clinical assessment of PCs with high potential, including
NOEYV and several 4-epi-isofagomine derivatives.

To circumvent the accumulation or aggregation of resi-
dual mutant B-gal at the ER and its subsequent down-
stream impact on neuropathology, EET may be combined
with other therapeutic strategies including SRT, BMT,
ERT, or gene therapy. However, PC selection will depend
on GMI1 patient genotype. As a novel approach to GM1
treatment, genome editing targets the endogenous GLBI,
possibly eliminating the need for the introduction or over-
expression of exogenous active B-gal. Given the broad
distribution of mutations across GLBI and the various
different types of mutations, approaches based on genome
editing may be accessible only for certain patients in the
near future. Nonetheless, optimized genome editing stra-
tegies that achieve broad distribution throughout the CNS
and efficient mutation targeting, have the potential to be
efficacious for monogenic diseases including GM1.

Research assessing the management of GM1 by SRT,
ERT, and BMT is limited. However, each of these strate-
gies has demonstrated success in the treatment of other
LSDs. Gene therapy appears to be the leading strategy for
GM1 treatment, which may come as no surprise given that
the causative mutations are localized to a single gene,
GLBI1. Ongoing clinical trials enrolling infantile and late
infantile/juvenile GM1 patients will provide insight into
the safety and efficacy of AAV-mediated gene delivery in
humans. Pre-clinical studies were limited to the treatment
of mice and cats prior to the onset of clinical symptoms.
Therefore, whether gene therapy will simply halt disease
progression or ameliorate symptoms will be of great inter-
est. For any therapeutic strategy, determining optimal win-
dows of efficacy is of utmost importance for patient
quality of life. For GM1, prevention of irreversible neuro-
logical deficits is crucial and will require expeditious diag-
nosis and early disease management.
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