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Background

The gangliosidoses (Tay-Sachs disease, Sandhoff disease and GM1-gangliosidosis) are 

progressive neurodegenerative diseases caused by lysosomal enzyme activity deficiencies and 

consequent accumulation of gangliosides in the central nervous system (CNS). The infantile forms 

are distinguished from the juvenile forms by age of onset, rate of disease progression and age of 

death. There are no approved treatments for the gangliosidoses. In search of potential biomarkers 

of disease, we quantified 188 analytes in CSF and serum from living human patients with 

longitudinal (serial) measurements. Notably, several associated with inflammation were elevated 

in the CSF of infantile gangliosidosis patients, and less so in more slowly progressing forms of 

juvenile gangliosidosis, but not in MPS disease. Thirteen CSF and two serum biomarker 

candidates were identified. Five candidate biomarkers were distinguished by persistent elevation 

in the CSF of patients with the severe infantile phenotype: ENA-78, MCP-1, MIP-1α, MIP-1β, 

TNFR2. Correspondence of abnormal elevation with other variables of disease --- i.e., severity of 

clinical phenotype, differentiation from changes in serum, and lack of abnormality in other 

neurodegenerative lysosomal diseases ---identifies these analytes as biomarkers of neuropathology 

specific to the gangliosidosis diseases.
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Introduction

The gangliosidoses diseases --- Tay-Sachs disease, Sandhoff disease (GM2-gangliosidoses) 

and GM1-gangliosidosis) --- are inherited metabolic diseases of lysosomal lipid catabolism 

in which accumulation of ganglioside, i.e., glycosphingolipids containing one or more sialic 

acids. Accumulation in the central nervous system is associated with progressive 

neurodegeneration. GM1-gangliosidosis is caused by mutations to the GLB1 gene, resulting 

in deficiency of β-galactosidase activity and subsequent accumulation of GM1-ganglioside 

[1,2]. The GM2-gangliosidoses, Tay-Sachs disease and Sandhoff disease, are caused by 

mutations of genes encoding the α subunit (HEXA gene) and β subunit (HEXB gene), 

respectively, of β –hexosaminidase A enzyme, resulting in accumulation of GM2-

ganglioside [1,2]. The AB variant form of GM2 gangliosidosis is caused by a genetic defect 

in the GM2A gene that codes for the GM2-ganglioside activator protein, a co-factor for β-

hexosaminidase A enzyme required for activation of β-hexosaminidase A [1,2].

Natural history studies have improved understanding of disease presentation and 

progression. For the infantile, late-infantile and juvenile forms, death occurs in childhood 

[1]. The infantile forms of GM1-gangliosidosis and GM2-gangliosidosis share many 

similarities in their clinical phenotypes, including neurodevelopmental delays appearing 

within the first 6 months of life, hypotonia, dysphagia, and seizures often occurring within 

the first year of life, and death often occurring by the third year of life [1-4]. A late-infantile 

form of GM1-gangliosidosis has also been described, with symptoms appearing between the 

first 1-2 years of life and is usually classified as a variant of the juvenile form [1-4]. In 

contrast to the infantile forms of GM1- and GM2-gangliosidosis, the onset of symptoms in 

the juvenile forms is often between the second and fifth year of life and may present with 

ataxia and coordination difficulties, progressing to development of dysarthria, dysphagia, 

hypotonia, and seizures, with death occurring before or during adolescence [1,2,4,5]. Little 

is understood about the mechanism(s) by which the ganglioside accumulation leads to tissue 

damage at a molecular level, but research in animal models and human cadavers 

increasingly points to the role of inflammatory mediators [6,7]. Moreover, mouse models of 

gangliosidoses have demonstrated expression of inflammatory mediators changing during 

different stages of disease progression [7].

Hypothesis

For this study, we hypothesized that markers of CNS inflammatory processes would be 

more highly expressed in patients with the severe infantile gangliosidosis phenotype, 

compared to patients with late-infantile and juvenile forms, and that such inflammatory 

markers, when identified will serve as candidate biomarkers for future therapies.

Materials and Methods

This study was conducted with IRB approval and IRB-approved consent of the patients' 

parents or legal guardians. CSF specimens were collected by lumbar puncture with a 22 

gauge (1.5 or 3.5 inch) Quincke spinal tap needle while the patient was under general 

anesthesia for MRI imaging. CSF was collected in 1 mL aliquots directly into cryovials, 
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quickly labeled, placed on dry ice and then transported to the laboratory for distribution. 

Subsequent review of cell counts demonstrated that all but one specimen was atraumatic and 

thus without contamination by significant blood. Blood specimens were obtained 

concurrently by phlebotomy, taken to the laboratory for centrifugation, and then aliquotted 

and frozen on dry ice. Cerebral spinal fluid (CSF) and serum samples were tested by 

immunoassay technique performed by Rules Based Medicine, Inc. (RBM) of Austin, Texas, 

using the Human Discovery Multi-Analyte Profile (MAP) v1.0 panel before June 2012, and 

using the Human Discovery MAP 175+ v1.0 panel after June 2012. These 188 analytes were 

quantified in each specimen. Normal ranges for serum analytes were provided by RBM. For 

serum, normal ranges were determined from the results of 100 presumably healthy subjects; 

no assumption was made by RBM about the samples having a normal distribution, so the 

normal serum range comprises 95% of the samples with the highest and lowest 2.5% of the 

samples excluded for each given assay. Normal ranges for analytes in CSF were provided by 

RBM and were calculated using data obtained from Britschgi et al [8] and Craig-Schapiro et 

al [9]. The low and high values of the normal range were calculated as +/- two standard 

deviations from the mean. Analytes selected for evaluation were those for which absolute 

values were measurable in both serum and CSF, and for which reference ranges were also 

available [6,7]. In total, 72 of the analytes met these criteria. Results were sorted by patient 

diagnosis and patient age at the time of collection. Inflammatory markers showing elevation 

in CSF and serum of patients with infantile and/or juvenile gangliosidosis were selected and 

compared to results in the subjects with MPS diseases. Sequential serum and CSF 

measurements were obtained whenever possible. KaleidaGraph software was used to create 

scatterplot graphs depicting analyte amounts and changes over time for analytes whose 

values fell outside of the normal reference range [8,9].

Results

Serum and CSF samples were obtained concurrently from a total of 21 subjects (Table 1), 

including eight patients with an infantile gangliosidosis diagnosis (three with infantile Tay-

Sachs disease, two with infantile Sandhoff disease and three with infantile GM1 

gangliosidosis), four patients with juvenile gangliosidosis diagnosis (two with juvenile Tay-

Sachs disease, one with juvenile GM1-gangliosidosis, one with late-infantile GM1-

gangliosidosis), and nine patients with mucopolysaccharidosis (MPS) diseases (two with 

Scheie syndrome (MPS IS), one with Hunter syndrome (MPS II), five with Sanfilippo 

syndrome type A (MPS IIIA), and one with Maroteaux-Lamy syndrome (MPS VI). At least 

two sequential measures of serum and CSF were obtained for eight of the 12 patients with 

gangliosidosis diseases and for four of the nine patients with MPS diseases.

Among gangliosidosis patients, 13 of the 72 analytes were found to have elevations in CSF 

(Table 2). Two analytes, osteopontin and insulin-like growth factor-binding protein 

(IGFBP-2), showed elevation in serum samples. Five analytes were distinguished by 

persistent elevation in the infantile gangliosidosis phenotype: epithelial-derived neutrophil-

activating protein 78 (ENA-78), monocyte chemotactic protein 1 (MCP-1), macrophage 

inflammatory protein-1 alpha (MIP-1α), macrophage inflammatory protein-1 beta (MIP-1β), 

tumor necrosis factor receptor 2 (TNFR2). This was in contrast to findings in patients with 

more attenuated forms of gangliosidosis and those with MPS diseases.
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Caveats

In this study, we were unable to obtain precise measurements in either serum or CSF for 

several inflammatory markers that were of interest and thus these analytes were excluded 

from the final analyses. Included in this group were prolactin, for which elevated levels were 

found in CSF of patients with infantile GM1-gangliosidosis, but for which serum values 

were unavailable. The tyrosine kinase, Axl, and inflammatory marker CCL18/PARC were 

found to be elevated in serum samples of GM1-gangliosidosis, but CSF values were 

unavailable. Interleukin 16 (IL-16) was elevated in CSF of infantile GM1- and GM2- 

gangliosidosis, but CSF results for patients with a juvenile phenotype were not available. 

Evaluation of these analytes would be interesting in the future.

It is important to note that, one patient with MPS IS (patient “M”), and the patients with 

MPS II and MPS VI were receiving treatment with intravenous enzyme replacement therapy 

(ERT) for at least 2 years prior to CSF samples being obtained. Patient “N”, began ERT 

after the first CSF sample was obtained. None of the patients with MPS IIIA had received 

treatment at the time these samples were drawn, as there were no FDA-approved or 

experimental treatments for MPS IIIA at the time of this study. None of the 22 subjects had 

received a hematopoietic cell transplant.

Discussion

As recently emphasized by Christopher Austin (Director, National Center for Advancing 

Translational Sciences, NIH; RDCRN3 Steering Committee, Rockville, MD, October 1, 

2014) focusing on common metabolic pathways shared by different diseases is an important 

strategy for understanding the pathophysiology of disease, and might be an efficient 

approach to identify therapies useful for all. Toward understanding the pathophysiologic 

mechanisms and potential treatment of these diseases, we have been employing this 

approach for the gangliosidosis diseases, i.e., Tay-Sachs disease, Sandhoff disease, and 

GM1-gangliosidosis.

Inflammation

This is the first study to broadly screen living human patients for potential biomarkers of 

gangliosidosis disease by obtaining sequential measurements of a large battery of analytes. 

Several observations point to the role of inflammatory mediators as active agents in CNS 

pathology. Of the 188 metabolites tested, abnormalities of analytes associated with 

inflammation were prominent. In this study, five markers of inflammation, ENA-78, 

MCP-1, MIP-1α, MIP-1β, TNFR2 were distinguished by their persistent elevation in the 

CSF of patients with infantile gangliosidosis phenotype, but not in the other patient groups. 

To our knowledge, ENA-78, a neutrophil chemokine, MIP-1β and TNFR2 have not been 

previous implicated as elevated inflammatory mediators associated with gangliosidosis 

pathology. TNFR2 has been found to act as a neuroprotective agent in neurodegenerative 

disorders and is important for remyelination [10,11], and may be a response to 

neuroinflammation in these patients. MCP-1 and MIP-1α have been shown to be elevated in 

the CNS of murine Sandhoff disease in association with microglial activation; MIP-1α 

levels correlated with substrate accumulation, especially N-acetylglucosaminyl (GlcNAc)-
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oligosaccharide [12,13]. In sum, these elevated analytes are all cytokines associated with 

glial cell activation, and point to a mechanism of neuroinflammation [7-13]. We presume 

that these cytokines are derived from microglial cells in the central nervous system, and 

reflect primary pathology in nervous system tissues. It seems unlikely that these reflect more 

systemic abnormalities in that serum levels were normal in both infantile and juvenile 

patients. This CNS localization further emphasizes the concept that disease is primarily 

central nervous system disease, and not systemic.

Severity

Notably, the analytes that were consistently abnormal among patients with gangliosidosis 

diseases were more markedly aberrant among those with the more severe infantile-onset 

forms in comparison to those with more slowly progressing or attenuated juvenile-onset 

phenotypes. This relationship of severity of disease to degree of analyte elevation is 

important; this correspondence enhances the view that the rate of disease progression is 

associated with the level of inflammatory molecule abnormality.

CNS association

Of the abnormal inflammatory analytes, 13 were significantly elevated in CSF while only 

two of these were elevated in serum. This differentiation of body compartment corresponds 

to the somatic distribution of disease, with major pathology in the brain in comparison to 

phenotypic features that are outside of the blood brain barrier. Thus, abnormalities in the 

CSF parallel the disease pathology in physical localization. Elevated CSF inflammatory 

analytes would thus seem to be directly indicative of CNS pathology with relative sparing of 

non-CNS disease. These abnormalities reflect CNS disease specifically, and are not a 

general indicator of lysosomal substrate accumulation or dysfunction.

Clinical application

These studies suggest that elevation of CSF inflammatory markers may be important, 

indicating the severity of clinical disease. As illustrated here, markedly elevated 

inflammatory markers are closely associated with more rapid and severe infantile disease 

while low, normal levels are found in patients with the slower, late-onset and attenuated 

brain damage of juvenile-onset gangliosidosis. Thus, regular quantification of CSF 

inflammatory markers in these diseases is of immediate clinical application and may be key 

to understanding the response to treatments. CSF inflammatory biomarkers should be 

monitored regularly in every patient.

Different from other ‘neurologic’ lysosomal disease

Lysosomal diseases other than the gangliosidoses have neurologic manifestations including 

cognitive loss, hydrocephalus, and other forms of progressive neurodegeneration. For 

example, the MPS conditions, Hurler syndrome and Sanfilippo syndrome, are characterized 

by such progressive neurodegeneration with inevitable cognitive declines, cerebral atrophy, 

seizures and hydrocephalus. However, comparison of inflammatory biomarkers from 

patients with these diseases failed to show the same abnormalities in either serum or CSF. 

This distinction — differences in elevated inflammatory biomarkers between gangliosidoses 
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and mucopolysaccharidoses — provides important information pointing to different 

pathophysiologic mechanisms. Importantly, the CSF inflammatory biomarker differences 

between gangliosidosis disease and MPS disease emphasizes their value as ganglioside-

specific biomarkers.

Conclusions

The observation of significant elevations of specific analytes associated with inflammation 

in CSF identifies these analytes as potential biomarkers of the underlying pathology of the 

gangliosidoses diseases. The correspondence of abnormal elevation with other variables of 

disease --- i.e., severity of clinical phenotype, differentiation from levels in serum, and lack 

of abnormality in other neurodegenerative lysosomal diseases --- identifies these analytes as 

biomarkers of neuropathology that is specific to the gangliosidoses. These observations 

should unveil the underlying molecular and cellular pathologic mechanisms of 

gangliosidosis disease and help evaluate response to therapy.

Summary

This study conducted a longitudinal evaluation of patients with infantile- and juvenile-onset 

gangliosidosis, comparing analytes in CSF and serum in search of potential biomarkers of 

disease. We found consistent elevations of analytes associated with inflammation. Thirteen 

CSF and two serum biomarker candidates were identified, with five CSF biomarkers 

showing exclusivity for infantile GM1- and GM2-gangliosidosis. Further study of these 

biomarkers advances understanding of infantile and juvenile gangliosidoses and will impact 

the development of potential treatments and treatment goals.
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Highlights

Of 188 analytes in gangliosidosis patients, 13 inflammatory biomarkers were found

Thirteen CSF and 2 serum biomarker candidates were identified

Five CSF biomarkers were elevated in infantile gangliosidosis only

Elevated CSF cytokines in gangliosidosis are biomarkers for glial activation

Elevated biomarkers are indicators of inflammation in gangliosidoses
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Fig. 1. 
Among gangliosidosis (Gang) patients (left-side charts), five CSF analytes of inflammation 

were consistently elevated in patients with the infantile-onset disease in contrast to the 

normal levels found in patients with juvenile-onset disease. This relationship of severity of 

disease to analyte elevation is important, this correspondence reflecting the rate of disease 

progression.

CSF and serum inflammatory biomarkers from patients with MPS diseases (right-side 

charts) showed no abnormalities in either serum or CSF. The analyte differences between 

gangliosidosis disease and MPS disease emphasize the value of these inflammatory 

biomarkers, and illustrate that the analyte abnormalities are not general indicators of 

lysosomal storage or dysfunction, but reflect some other pathologic mechanism of 

gangliosidosis disease in the central nervous system.
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