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GLB1-related disorders comprise two phenotypically unique disorders: GM1 gangliosidosis and Morquio B disease. These 
autosomal recessive disorders are caused by b-galactosidase deficiency. A hallmark of GM1 gangliosidosis is central nervous 
system degeneration where ganglioside synthesis is highest. The accumulation of keratan sulfate is the suspected cause of the 
bone findings in Morquio B disease. GM1 gangliosidosis is clinically characterized by a neurodegenerative disorder associat-
ed with dysostosis multiplex, while Morquio B disease is characterized by severe skeletal manifestations and the preservation 
of intelligence. Morquio B disease and GM1 gangliosidosis may be on a continuum of skeletal involvement. There is currently 
no effective treatment for GLB1-related disorders. Recently, multiple interventions have been developed and there are several 
ongoing clinical trials. 
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Introduction

GLB1-related disorders comprise two phenotypically unique 
disorders, GM1 gangliosidosis (MIM 230500) and Morquio 
B disease (mucopolysaccharidosis type IVB, MPS IVB, MIM 
253010). GM1 gangliosidosis and Morquio B disease are auto-
somal recessive disorders caused by b-galactosidase deficiency. 
b-galactosidase is a lysosomal hydrolase involved in sphin-
golipid GM1 ganglioside metabolism. It may be defective for 
gangliosides, lactosylceramide, asialofetuin, oligosaccharides 
carrying terminal b-linked galactose, and keratan sulfate in 
GM1 gangliosidosis, and for keratan sulfate alone in Morquio B 
disease [1,2]. When enzyme activity is decreased, sphingolipid 
intermediates accumulate in the lysosome and interfere with 
appropriate organelle functioning. A hallmark of GM1 gangliosi-
dosis is degeneration of the central nervous system (CNS), where 

ganglioside synthesis is highest. Keratan sulfate accumulation 
is the suspected causative agent for the bone findings associ-
ated with Morquio B disease. This review focused on the clinical, 
radiographic, and genetic characteristics of these two disorders 
and introduced recent clinical trials on GLB1-related disorders. 

Pathogenesis of GLB1-related Disorders

Both Morquio B and GM1 gangliosidosis arise from mutations 
in the GLB1 gene. Depending on the location of the mutations 
in the GLB1 gene and on their combination in compound het-
erozygous individuals, the molecular pathophysiology of the 
resulting b-galactosidase protein can produce a spectrum of 
phenotypic presentations, ranging from primarily neurologic 
manifestations in GM1-gangliosidosis, to primarily skeletal 
involvement in Morquio B disease [3]. Emerging but limited evi-
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dence suggests cytokines may play a role in the pathophysiol-
ogy of inflammation and pain in patients with Morqio B disease. 
According previous study of the in vitro, the intracellular glycos-
aminoglycan storage can potentially trigger the inflammatory 
response via apoptosis of connective tissue cells, cartilage break-
ing up, and subsequent elevation of pro-inflammatory cytokines 
[4]. The articular cartilage also is thicker in Morquio animals with 
a hyperplastic synovium, suggesting that there are also abnor-
malities in articular cartilage matrix formation [4].

The clinical manifestations of GM1 gangliosidosis result from 
the massive storage of GM1 ganglioside and related glycocon-
jugates in different tissues and particularly in the CNS. However, 
the molecular mechanisms leading to the disease pathogen-
esis are still incompletely understood. Neuronal cell death and 
demyelination accompanied by astrogliosis and microgliosis 
are usually observed in areas of severe neuronal vacuolation. 
Neuronal apoptosis, endoplasmic reticulum stress response [5,6], 
abnormal axoplasmic transport resulting in myelin deficiency [6], 
and disturbed neuronal-oligodendroglial interactions [7] have 
been proposed as possible pathomechanisms involved in GM1 
gangliosidosis. 

Clinical and Radiographic Characteristics of 
GM1 Gangliosidosis 

The incidence of GM1 gangliosidosis is approximately 
1/100,000-200,000 live birth in the general population [8]. This is 
a progressive neurodegenerative disorder whose manifestations 
are caused by an accumulation of gangliosides in the CNS and 
glycosaminoglycans and glycopeptides in the visceral and skel-
etal tissues [9]. GM1 gangliosidosis is classified into the infantile 
form (type I), late-infantile form (type IIa)/juvenile form (type 
IIb), and adult form (type III), according to the age of symptom 
onset and severity. 

The infantile form is the most common and usually presents 
with poor sucking and inadequate weight gain during the 
neonatal period. This is characterized by psychomotor regres-
sion by the age of six months, visceromegaly, a cherry-red spot, 
and facial and skeletal abnormalities [1]. Cardiomyopathy and 
seizures are common, and some infants manifest hepatospleno-
megaly. Most infants are blind and deaf with severe CNS dys-
function leading to decerebrate rigidity by the end of their first 
year [10]. Disease progression is rapid, with death by age two to 
three years due to respiratory complication. The late-infantile/
and juvenile forms have heterogeneous findings. Patients with 
the late-infantile form usually present between one and three 

years of age and have a life expectancy of five to ten years. These 
patients develop normally until the age of one and then dem-
onstrate developmental regression at 12 to 18 months of age. 
They have corneal clouding, neurologic abnormalities such as 
motor abnormalities, and progressive diffuse brain atrophy on 
brain imaging. The juvenile form presents between 3 to 10 years 
old. Major symptoms include motor and/or language regression. 
These children develop normally and suddenly manifest neu-
rologic abnormalities such as progressive dysarthria. The speed 
of juvenile form’s progression is slower than that of the late-
infantile form. Plateauing of motor and cognitive development 
is followed by slow skill regression. The juvenile form may or 
may not involve skeletal dysplasia. Life expectancy for this form 
is well into the second decade [11]. The adult form is a slowly 
progressive disease involving spasticity, ataxia, dysarthria, and 
a gradual loss of cognitive function [9,11]. These symptoms are 
similar to the extrapyramidal signs in Parkinson’s disease [12], 
found in 95% of individuals. The adult form shows short stature, 
kyphosis, and scoliosis of varying severity. Prognosis depends on 
the degree of neurologic impairment [10].

The infantile form routinely has severe skeletal dysplasia 
identified after neurological symptoms. Intervention for these 
skeletal findings is often limited due to the short life span of 
these patients [10]. The adult form has few skeletal findings, 
usually not requiring surgical interventions. One study described 
skeletal phenotype in patients with GM1 gangliosidosis [13] and 
described radiographic skeletal abnormalities in 13 late infantile 
and 21 juvenile patients. The prevalence of odontoid hypoplasia 
and pear-shaped vertebral bodies was statistically higher in pa-
tients with the late-infantile form GM1 gangliosidosis, while ver-
tebral body endplate irregularities and central indentations and 
squared vertebral bodies were statistically more common in pa-
tients with the juvenile form GM1 gangliosidosis. Those with the 
juvenile form showed less severe pelvic and femoral anomalies 
than those with the late-infantile form. On the other hand, all 
patients with GM1 gangliosidosis demonstrated no carpal bone, 
metacarpal, or phalange abnomality. Notably, and in contrast to 
the MPS, the short tubular bones are not affected in either late 
infantile or juvenile GM1 gangliosidosis patients, which distin-
guishes them from other causes of dysostosis multiplex. Brain 
magnetic resonance imagings (MRIs) can show diffuse atrophy 
and white matter abnormalities, non-specific T2-weighted hy-
pointensity in the basal ganglia/globus pallidus, hyperintensity 
in the putamen, and/or mild cerebral atrophy [11]. A 26-year-old 
Korean woman with the late-infantile form of GM1 gangliosi-
dosis showed an increased signal intensity of the white matter, 
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thalami, and peripheral putamen, and diffuse cerebral and cer-
ebellar hemisphere atrophy in the brain MRI (Fig. 1).

Diagnosis of GM1 Gangliosidosis

Formal diagnostic criteria have not been established for GLB1-
related disorders [11]. Most patients with GM1 gangliosidosis are 
diagnosed through clinical suspicion and subsequent enzyme 
assays and genetic testing. GM1 gangliosidosis diagnosis is chal-
lenging when only based on clinical information and imaging 
results. It is also difficult to discriminate GM1 gangliosidosis 
from other neurodegenerative disorders, specifically for the late-
infantile/juvenile form [14,15]. Poor disease awareness and non-
specific clinical symptoms complicate and delay diagnosing 
GM1 gangliosidosis [9]. 

Recently, a study reported eight Korean patients with late-
infantile GM1 gangliosidosis who were diagnosed by whole-
exome sequencing (WES). This paper noted hypomyelination 
on the brain MRI, elevated aspartate transaminase levels, and 
skeletal survey abnormalities as important clues of a GM1 
gangliosidosis diagnosis [15]. These patients demonstrated a 
non-classical presentation [15]. Although WES is not a first tier 
diagnostic option, genetic tests such as WES can aid in the early 
diagnosis of rare disorders like GM1 gangliosidosis with a non-
classical presentation. 

According to Human Gene Mutation Database (version 
2021.01), 252 disease-causing mutations have been identified 
in GLB1. The most common mutations are missense/nonsense 
(74.2%), followed by small deletion (9.1%) and splicing substitu-
tions (7.9%). GLB1 mutation’s hotspot region appears to cluster 
in exons 2, 6, and 15 [16]. The recurrent mutation, p.D448V, likely 
causes the late-infantile form of GM1 gangliosidosis in Korean 
individuals, although it was previously reported to be a causative 
mutation of the infantile form of gangliosidosis in patients from 

China and Turkey [15]. The genotype-phenotype correlation is 
not definite [17]. 

Clinical and Radiographic Characteristics of 
Morquio B Disease

Morquio B disease is characterized by severe skeletal mani-
festations (dysostosis multiplex), growth retardation, corneal 
clouding, and cardiac valvular disease. Primary CNS involvement 
has not been proven [1]. The prevalence of Morquio B disease 
is much lower than that of GM1 gangliosidosis. The estimated 
incidence of Morquio B disease is 1:250,000-1,000,000 live 
births [18]. The severe form of Morquio disease usually becomes 
apparent between the ages of one and three years [19], and ky-
phoscoliosis, genu valgum, and pectus carinatum are the most 
common initial manifestations. The attenuated form of Morquio 
disease may not be evident until late childhood or adolescence, 
and hip problems, including pain, stiffness, and Legg–Perthes 
disease, are common initial manifestations [20,21]. Extraskeletal 
problems can lead to significant morbidity, including respiratory 
compromise, obstructive sleep apnea, valvular heart disease, 
hearing impairment, corneal clouding, dental abnormalities, 
and hepatomegaly. Specifically, spinal cord compression can 
result in neurologic compromise in people with severe disease 
or delayed diagnosis [22]. Coarse facial features can develop 
later in life, but these changes are milder than those observed in 
other MPS. Children with Morquio disease typically have normal 
intellectual abilities. Ligamentous laxity and joint hypermobility, 
rare in other MPS, are distinctive features of Morquio disease. 
Short stature with a disproportionally short trunk is a constant 
feature in Morquio B disease. Younger children are still within 
the normal height range, but adults are significantly below the 
third percentile [3]. The structural and degenerative bone, carti-
lage, and connective tissue changes decrease quality of life due 

Fig. 1. Brain MRI of a woman with late-
infantile form GM1 gangliosidosis, age 26. 
(A) T2 FLAIR axial image showing mildly 
increased signal intensity of the white mat-
ter, thalami, and peripheral putamen. (B, C) 
T2 axial images showing diffuse atrophy of 
the cerebral and cerebellar hemispheres.
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to mobility issues and limitations in self-care activities. In one 
Morquio B disease patient/caregiver survey [23], the majority of 
respondents were using walking aids by adolescence. Moreover, 
respondents reported an average of three orthopedic surgeries 
per person, with hip and knee replacement most frequently per-
formed in the second decade of life.

A skeletal survey should be done for MPS IVB diagnosis. Ra-
diographic findings include odontoid hypoplasia, spinal canal 
narrowing, vertebral beaking, platyspondyly, hip dysplasia, car-
pal and tarsal dysplasia, and shortening and epi-and metaphy-
seal dysplasia of the long bones [3]. A 14-year-old Korean boy 
with Morquio B disease showed J-shaped sella, short and thick 
metacarpal and phalangeal bones, paddle-shaped ribs, poorly 
formed bilateral acetabular roofs with flared iliac wings, a flat-
tened femoral head, thoracolumbar spine subluxation (T12-L1), 
and bilateral genu valgum (Fig. 2).

Diagnosis of Morquio B Disease

Keratan sulfate accumulates in the bones and cartilage in 
Morquio B disease, in contrast to GM1 gangliosidosis, where the 
main accumulating substrates are GM1 and GA1 gangliosides in 
CNS. Keratan sulfate can be measured quantitatively by LC-MS/

MS-based technologies [24]. Increased keratan sulfate in the 
urine can be diagnostic of Morquio disease; however, a glycos-
aminoglycan screen can be falsely negative. Testing to confirm 
the diagnosis should be performed if there is clinical suspicion. 
Enzyme activities should be measured for differentiation be-
tween the two diseases. Despite the availability of molecular 
genetic testing, the mainstay of GLB1-related disorder diagnosis 
is enzyme activity due to the cost and difficulty in interpret-
ing variants of unknown significance. Diagnosis of Morquio B 
disease can be confirmed by the combination of keratan sulfate 
in the urine and decreased b-galactosidase enzyme activity in 
peripheral blood leukocytes or fibroblasts in the absence of in-
tellectual disability [11]. 

Among 252 disease-causing mutations identified in GLB1, 
missense are most common (86.3%). There has been reported 
only one patient with Morquio B disease in Korea, and he had 
mutations c.367G>A (p.G123R), c.13_14insA (p.L5Hfs*29) in 
GLB1 [25]. c.13_14insA (p.L5Hfs*29) was novel mutation. The 
genotype-phenotype correlation is not definite.

Fig. 2. Skeletal survey of a boy with Morquio B disease, age 14. (A) J- shaped sella. (B) The medial tilted appearance of the end of the radius and 
ulna and short and thick metacarpal and phalangeal bones. (C) Short and thick metatarsal bones. (D) Short and thick clavicles and paddle-shaped 
ribs. (E) The flattened femoral head and poorly formed bilateral acetabular roofs with flared iliac wings. (F) Beaking spine with T12-L1 subluxation. 
(G) Bilateral genu valgum and anteromedial hemiepiphysiodesis of both knees.
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Overlap between Morquio B Disease, MPS IVA, 
and GM1 Gangliosidosis 

MPS IVA accounts for more than 95% of affected individuals 
with the Morquio phenotype, and Morquio B disease accounts 
for fewer than 5% of affected individuals. The prevalence range 
of MPS IVA was estimated from 1 in 76,000 to 1 in 640,000 
births [26,27]. While Morquio B disease is genetically an allelic 
variant of GM1 gangliosidosis, it clinically is a mild phenocopy of 
GALNS-related MPS IVA. Dysostosis multiplex is a common clini-
cal presentation in both Morquio B disease and MPS IVA. While 
the radiographic findings in MPS IVA and Morquio B disease 
are extensive and can be diagnostic, they cannot distinguish 
MPS IVA from MPS IVB. Both diseases show a peculiar type of 
spondylo-epiphyseal dysplasia with or without additional neu-
ronopathic manifestations. Despite these similarities, the degree 
of dysostosis multiplex is milder in Morquio B disease compared 
to MPS IVA [28-30]. The presence of keratan sulfate in the urine 
does not distinguish MPS IVA from Morquio B disease. Enzyme 
activities should be measured for differentiation between the 
two diseases. 

GM1 gangliosidosis is clinically characterized by neurode-
generative disorder associated with dysostosis multiplex, while 
Morquio B disease is characterized by severe skeletal manifesta-
tions and the preservation of intelligence. However, an inter-
mediate phenotype between GM1 gangliosidosis and Morquio 
B disease has recently been proposed in a patient with homo-
zygous p.R333H mutation [31]. Therefore, further neurological 
follow-up is needed for those patients initially diagnosed with 
Morquio B disease, since some patients with GM1 gangliosidosis 
develop neurological impairments later in life [32]. 

Recently, Ou et al. [17] suggested a three-dimensional analy-
sis, and the in silico outputs of the mutated GLB1 proteins 
silico tool has helped predict disease severity. However, a clear-
cut phenotype classification between GM1 types I, II, III, and 
Morquio B disease is difficult since the vast majority of affected 
individuals are compound heterozygotes. GLB1 mutations may 
not be the single determining factor of disease phenotype, as 
other genes may have an influence [25]. Polymorphisms could 
also play an interesting role in the resulting enzyme activities 
and/or phenotypes. It has recently been suggested that patients 
with a combination of Morquio-like dysostosis and neurono-
pathic features should be classified as having Morquio B disease 
plus, while patients with isolated occurrences of Morquio-like 
dysostosis are classified as having pure Morquio B disease [3]. 

Preclinical and Clinical Trials of GLB1-related 
Disorders 

There is currently no effective treatment for GM1 gangliosido-
sis. There are multiple promising interventions based on in vitro 
studies and animal models, and a few clinical trials are ongoing. 
Currently, supportive and symptomatic therapy is the only avail-
able treatment option for Morquio B disease, with orthopedic 
surgeries being the therapeutic mainstay [23]. 

1. Pharmacological chaperone therapy 
Pharmacological chaperone therapy with small molecules 

has advantages in terms of oral administration and broad tissue 
distribution. Potential compounds have been developed to treat 
GM1-gangliosidosis and Morquio B disease [33]. Large molec-
ular-weight enzymes cannot cross the blood-brain barrier, so 
small molecules as possible chaperones for partially functioning 
b-galactosidase in the CNS have been investigated. In an in vitro 
study using fibroblasts from an affected individual, N-octyl-
4-epi-B-valienamine stabilized b-galactosidase, reduced lipid 
accumulation, and improved lipid trafficking [34]. Oral admin-
istration of this compound in mice with GM1 gangliosidosis led 
to increased enzyme activity and reduced substrate levels. Other 
imino sugar derivatives have shown increased enzyme activity, 
facilitated localization of b-galactosidase to lysosomes in the 
fibroblasts of affected individuals [35], and improved enzyme 
activity in a mouse model of GM1 gangliosidosis [36]. 

(5aR)-5a-C-pentyl-4-epi-isofagomine 1, a powerful inhibitor 
of lysosomal b-galactosidase and a remarkable chaperone for 
mutations associated with GM1-gangliosidosis and Morquio 
disease type B, induced mutated b-galactosidase maturation 
in fibroblasts of a GM1-gangliosidosis patient. It also promoted 
the decrease of keratan sulfate and oligosaccharide load in 
patient cells. This compound is a potential treatment for GM1-
gangliosidosis and Morquio disease type B patients harboring 
b-galactosidase mutations sensitive to pharmacological chap-
eroning [37].

Recently, in one study involving fibroblasts of a patient with 
infantile GM1-gangliosidosis, butyl deoxygalactonojirimycin 
(NB-DGJ) promoted p.D151Y b-Gal maturation and enhanced 
its activity up to 4.5% of control activity within 24 h and up 
to 10% within six days. The NB-DGJ enhancement effect was 
sustained over three days after it was washed out from culture 
media. This may be a promising therapeutic chemical chaperone 
in infantile GM1 amenable variants [38]. 
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2. Substrate reduction therapy
Miglustat, the imino sugar N-butyl deoxynojirimycin, also 

showed promising outcomes in a murine model of GM1 gan-
gliosidosis [39]. Miglustat helped slow down or reverse disease 
progression in juvenile/adult GM1-gangliosidosis [40]. A combi-
nation therapy using miglustat and a ketogenic diet is currently 
in phase 2 [41]. Miglustat administration in four children (20-
125 months) from Italy affected by the GM1 gangliosidosis type 
I was safe and relatively well tolerated. Three children had stabi-
lized and/or slowed down neurological progression [42].

3. Gene therapy
Vascular delivery of an AAV9 vector encoding bgal showed 

successful widespread expression of functional enzyme 
throughout the CNS, reducing GM1-ganglioside storage and 
significantly extending lifespan with retention of motor func-
tion in adult GM1 mice [43]. A phase 1/2 study of intravenous 
gene transfer with an AAV9 vector expressing human galacto-
sidase in type II GM1 gangliosidosis is ongoing (NCT03952637). 
GLB1 knockout cerebral organoids microinjected with the AAV9-
GLB1 vector showed a significant increase in b-gal activity and 
a significant reduction in GM1 ganglioside content compared 
with AAV9-GFP–injected organoids, demonstrating the efficacy 
of an AAV9 gene therapy-based approach in GM1 gangliosidosis 
[44]. A phase 1/2 study of a single dose of PBGM01 (AAVHu68 
vector expressing human galactosidase) delivered into the cis-
terna magna in type 1 and type 2a infantile GM1 gangliosidosis 
is currently under way (NCT04713475). 

4. RTB lectin
RTB lectin is the non-toxic carbohydrate-binding subunit B of 

ricin toxin that has a high affinity for galactose/galactosamine-
containing glycolipids and glycoproteins that are commonly 
found on human cell surfaces. In vivo biodistribution studies 
in lysosomal storage disease models provide evidence that 
RTB-lectin transports corrective doses of enzymes across the 
blood–brain barrier to treat CNS pathologies [45]. Plant-made 
b-gal:RTB was efficiently taken into GM1 patient fibroblasts 
and mediated the reduction of GM1 ganglioside substrate [46]. 
Uptake-saturation analyses indicated that the RTB adsorptive-
mediated mechanisms of b-gal:RTB supported a significantly 
greater accumulation of b-galactose activity in fibroblasts com-
pared to the receptor-mediated mechanisms of the mammalian 
cell-derived b-gal. 

5. Intracerebraventricular enzyme injection 
A single intracerebroventricularly (ICV) administered dose of 

rh b-gal (100 mg) resulted in broad bilateral biodistribution of rh 
b-gal to critical pathological regions in a mouse model of GM1 
gangliosidosis. Weekly ICV dosing of rh b-gal for eight weeks 
substantially reduced brain levels of ganglioside and oligosac-
charide substrates and reversed well-established secondary 
neuropathology [47].

6. Intravenous injections of the fusion enzyme
A novel fusion enzyme, labeled mTfR-GLB1, was developed 

by fusing b-gal to the mouse monoclonal antibody against the 
mouse transferrin receptor and tested in a murine model of 
GM1-gangliosidosis. This study showed that mTfR-GLB1 was 
a catalytically active b-gal fusion enzyme in vivo that is readily 
taken into tissues. However, behavior tests showed limited or no 
improvement, and administration of mTfR-GLB1 was insuffi-
cient to create measurable increases in b-gal enzyme activity in 
the brain or to reduce ganglioside content [48].

Conclusion

GLB1-related ailments comprise two phenotypically unique 
disorders. GM1 gangliosidosis is clinically characterized by a 
neurodegenerative disorder associated with dysostosis multi-
plex, and Morquio B disease is characterized by severe skeletal 
manifestations and preservation of intelligence. There have been 
several recent interventions and ongoing clinical trials. Knowl-
edge of the natural history and genotype–phenotype correla-
tion of GLB1-related conditions is essential to determine future 
clinical trial outcomes. A multi-center database study for the 
longitudinal observation of patients with GLB1-related disorders 
is needed.
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