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Abstract: Gangliosides constitute a subgroup of glycosphingolipids characterized by the presence
of sialic acid residues in their structure. As constituents of cellular membranes, in particular of raft
microdomains, they exert multiple functions, some of them capital in cell homeostasis. Their
presence in cells is tightly regulated by a balanced expression and function of the enzymes
responsible for their biosynthesis -ganglioside synthases- and their degradation -glycosidases-.
Dysregulation of their abundance results in rare and common diseases. In this review we make a
point on the relevance of gangliosides and some of their metabolic precursors, such as ceramides,
in the function of podocytes, the main cellular component of the glomerular filtration barrier, as
well as their implications in podocytopathies. The results presented in this review suggest the
pertinence of clinical lipidomic studies targeting these metabolites.

Keywords: glycosphingolipids; ceramide; podocytopathies; glomerulopathies; glomerulus; kidney;
rafts; nephrotic syndrome

1. An Overview of Sphingolipid and Glycosphingolipid Metabolism

Sphingolipids represent one of the eight categories that currently the Lipid MAPS consortium
classifies as lipids. They are characterized by the presence of a sphingoid base backbone, consisting
of an aliphatic long chain amino alcohol, most frequently represented by sphingosine. Sphingolipids
constitute a highly heterogeneous category of molecules, with a central group of compounds,
ceramides, containing a fatty acid moiety associated with the sphingoid base via an amide bond [1].
The high diversity of sphingolipids is the result of four different anabolic and catabolic pathways
that converge and diverge to and from the ceramide backbone (Figure 1). These are known as the
“de novo” synthesis, the hydrolytic, the sphingomyelin and the catabolic or salvage pathways.

Ceramides are highly versatile compounds that can undergo glycosylation, among other
modifications. Glycosylation of ceramides through the so-called hydrolitic pathway generates the
glycosphingolipid category, encompassing several hundred compounds. Ceramide glycosylation
leads to glucosylceramide (GlcCer), then through galactosylation to lactosylceramide (LacCer).
LacCer is the ultimate precursor of complex glycosphingolipids, namely globosides, cerebrosides
and gangliosides. Within glycosphingolipids, gangliosides are defined by the presence -with some
exceptions- of at least one sialic acid residue -a derivative of neuraminic acid- associated with an
oligosaccharide chain. A 5-N-acetyl derivative of neuraminic acid is the most abundant form of sialic
acid in humans, with 10% corresponding to the 5-N-acetyl-9-O-acetyl derivative [2]. Three main
pathways produce all gangliosides (Figure 2). Monosialylated ganglioside M3 (GM3) is the simplest
molecule in the pathway, and precursor of all gangliosides of the a-, b-, and c- series. It contains one
single sialic acid residue and is produced by sialylation of LacCer by GM3 synthase (ST3GaL5) [3].
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45  An excellent description of ganglioside structure, structural variability, and their implications for
46  interaction with other membrane molecules is provided in the publication by Mauri and colls. [1].
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49 Figure 1. Global view of sphingolipid metabolism. Simplified representation of the four main
50 pathways encompassing the synthesis of sphingolipid species, with ceramides as central
51 compounds. Plain arrows indicate single reactions. Dashed arrows denote multiple reactions. De
52 novo and sphingomyelin pathways result in ceramide synthesis from palmitic acid and
53 sphingomyelin as ultimate precursors respectively. The so-called salvage or catabolic pathway
54 results in the production of bioactive sphingosine-1 phosphate. Ceramide itself can be
55 phosphorylated into the bioactive ceramide-1 phosphate. Finally, the hydrolytic or
56 glycosphingolipid pathway leads to ceramide glycation. Not shown on the figure,
57 galactosyl-ceramide is the precursor of sulfatides. The rest of complex glycosphingolipids
58 (lactosides, globosides, cerebrosides and gangliosides) are derived from lactosyl ceramide (LacCer).
59 All pathways are reversible except de novo synthesis.
60 Gangliosides are particularly abundant in cellular membranes, due to the hydrophobicity of

61  their ceramide backbone. Their presence is highly related to membrane function and associated with
62  cell homeostasis, as they are among the most abundant and characteristic components of the
63  specialized microdomains defined as lipid rafts. Their hydrophilic heads are much bulkier than
64  those of glycerophospholipids, this feature determining their lateral separation properties, resulting
65  inaggregation and generation of a positive curvature [1].

66 Lipid rafts or liquid-ordered microdomains are very rich in lipids containing saturated or little
67  saturated acyl chains in their hydrophobic moieties [4]. Ceramides and their glycated derivatives,
68  gangliosides, correspond to this description, and consequently they are some of the main lipid
69  components of rafts. Ganglioside function in the cell is, therefore, associated with their chemical
70  structure, lateral mobility, and their ability to partition in raft-like environments.
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Figure 2. Schematic representation of ganglioside biosynthesis pathways. LacCer are the precursors
of the globo, lacto, muco and ganglio series of glycosphingolipids. GM3 are the precursors of a, b and
c series of gangliosides. LacCer are precursors of asialo (0-series) gangliosides (GA). GA1 give way to
fucosylated glycosphingolipids. “/” denotes two different structures of gangliosides produced from
the same precursor. “a” denotes specific ganglioside structures in which one sialic acid residue is
branched to N-acetylgalactosamine (GalNAc). All other sialic acid residues are branched to galactose
residues (modified from [5]). Orange colored rectangles denote molecular species whose abundance
has been reported to date as changed in the context of podocytopathies (summarized in Table 1).
Many of these reactions are reversible. GM: monosialo gangliosides. GD: disialo gangliosides. GT:
trisialo gangliosides. GQ: quadrisialo gangliosides. GP: pentasialo gangliosides.

As key membrane components, gangliosides are involved in the regulation of cell signaling,
intercellular crosstalk, pathogen invasion, apoptosis/survival, proliferation/differentiation and
immune cell function. Such a diverse array of functions implies a tight regulation of their anabolism
and catabolism, whose dysfunction results in a number of pathologies.

2. Podocytes. A Complex Structure and a singular membrane organization

Podocytes are highly specialized visceral epithelial cells constituting the glomerular filtration
barrier in the kidney, along with endothelial cells and the basement membrane. They ensure the
impermeability of the barrier to high molecular weight molecules, most of the blood proteins, by an
intricate system of interdigitated cellular prolongations (foot processes) and a particular
organization of cell junctions (slit diaphragm). Alterations in these structures lead to increased
permeability, resulting in proteinuria. This is a characteristic feature of podocytopathies, which
include IgA nephropathy, membranous nephropathy, and idiopathic nephrotic syndrome (INS).
Podocytopathies can also be secondary to other morbidities, such as diabetes (diabetic nephropathy)
and systemic lupus erythematosus (lupus nephritis).

Some individual features of the lipid composition of podocytes have been known for a long
time, contributing to a progressive comprehension. Though a global view of the podocyte lipidome
is still lacking, in spite of the information provided by a few lipidomic studies [6-8]. Cholesterol was
early revealed as a key component of podocyte membrane. Initially found in normal rat podocytes
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as especially present in the urinary side and less abundantly in the basal side [9], it was shown as a
key component of the slit diaphragm through its interaction with podocin [10], one of the resident
proteins in this raft-like structure [11].

Another slit-diaphragm protein, nephrin, was found associated with lipid rafts, and this
association necessary for nephrin phosphorylation, a modification related to slit diaphragm integrity
[12]. Its presence in rafts, defined as TritonX-100 insoluble microdomains, was found partial,
meaning that only one pool of cellular nephrin is associated with these structures. That pool was
found to interact with podocin and the actin cytoskeleton via the CD2-associated protein (CD2AP)
adaptor [13, 14]. Mutations in nephrin and podocin genes, which are at the origin of genetic
nephrotic syndrome, are known to abolish lipid raft localization [15, 16], highlighting the relevance
of these microdomains to podocyte function. Lipid rafts in the podocyte have also been proven
involved in the regulation of transient receptor potential canonical type 6 (TRPC6) channels [17],
which play a key role in the regulation of podocyte morphology and the pathogenesis of INS. The
ensemble of these reports indicate that podocyte lipid rafts and slit diaphragm correspond to very
close structures and display a tight functional association, with raft resident proteins contributing to
the slit diaphragm spatial organization [18]. The role of sphingolipids in the podocyte has been
extensively studied and reviewed by Fornoni and colls. [19].

3. Gangliosides in podocytes

In spite of the extreme structural diversity of gangliosides, only a handful of them have been
identified in podocytes and their functions outlined in physiologic and pathologic conditions. A
pioneering biochemical and immunohistochemical work mapped several gangliosides in different
segments of kidneys from different species, also comparing the developing and the mature organ
[20]. In the glomerulus, a transition from more complex to less complex gangliosides was observed
along organ maturation. A global view of the ganglioside content within the sphingolipid landscape
in podocytes has been provided by comprehensive profiling on immortalized human podocytes by a
combination of high performance thin layer chromatography (HPTLC), radioactive labeling of
sphingosine and mass spectrometry [8]. A significant majority of the identified sphingolipids
correspond to neutral forms, encompassing sphingomyelin, ceramide, GlcCer, LacCer,
globotrihexosylceramide, ganglioteraosylceramide, and globopentaosylceramide. GM3 accounted
for 5% of total podocyte sphingolipids, while GM1b and GD1la were also identified. This can be
considered as a reference sphingolipid profiling of human podocytes. Nevertheless, immortalized
cells must always be considered as a model in which molecular expression and distribution could
differ from in vivo conditions. Also, the sphingolipid profile of human cells can differ from that of
animal models, as it will be seen below.

3.1. O-acetylated GD3

Interrogations on the biological relevance of podocyte gangliosides emanate from three
independent studies. The pioneering work detecting a ganglioside as a main component of
podocytes consisted of the identification of the antigen recognized by a monoclonal antibody
specific of glomerular podocytes in rat kidney [21]. This antigen was characterized by ion exchange,
thin layer and gas-liquid chromatography as O-acetylated-GD3. Subsequently, the same antibody
was used to isolate podocyte rafts [12]. Acetylation of the sialic acid moiety can have profound
consequences in ganglioside function. Another monoclonal antibody had been previously found to
stain renal cortex and the recognized antigen characterized as a glycolipid migrating between GM2
and GM1 in thin layer chromatograms [22]. From this point on, O-acetylated GD3 has become a
marker of podocytes and used to characterize and validate podocyte cell lines [23]. GD3
O-acetylation has been related to viral infection and to the resistance to apoptosis of tumor cells [24].
Also, 9-O-acetyl-GD3 has been found specifically increased in rat kidney in response to lead
exposure, which produces microalbuminuria [25].

Injection of puromycin aminonucleoside in rats induces a glomerulopathy known as
puromycin aminonucleoside nephrosis (PAN). This is considered as an in vivo model of the human



150
151
152
153
154
155
156
157
158
159
160
161

162

163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

Int. ]. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5o0f 16

INS form minimal change nephrotic syndrome (MCNS). The group that developed the monoclonal
antibody to detect O-acetylated GD3 studied its expression in the kidney of proteinuric PAN rats.
They found a significant decrease of this antigen and its precursor GD3, suggesting impaired GD3
synthase (S5T8Sial) and O-acetyltransferase activities. These changes were observed to precede the
onset of proteinuria [26]. Consistent with these results the RNA levels of GD3 synthase are
decreased in the adriamycin injection model of focal and segmental glomerulosclerosis (FSGS, one of
the INS forms) in mice [27]. Neither GD3 nor O-acetylated GD3 have been identified in human
podocytes [8], which indirectly challenges both the relevance of rodent models and that of
immortalized cell models in reproducing disease features. Results of PAN stimulation are in any
case extremely important to underline the implication of gangliosides in the regulation of podocyte
function, and points at O-acetylation as a modification that could impact profoundly ganglioside
function.

3.2. GM3 and GD3

To date, one of the most relevant and comprehensive functional studies on podocyte
gangliosides was an elegant work by Jin and colls. [6]. The beauty of their finding is the fact that
gangliosides were indirectly identified as extremely important in podocyte biology. They used
immunoprecipitation to find the interactors of the soluble vascular endothelial growth factor (VEGF)
receptor 1 (Fltl) on the surface of podocytes, resulting in the unbiased detection by mass
spectrometry of gangliosides, and further GM3, as the main interactor. Additional functional studies
linked this interaction with cytoskeleton reorganization, which is a cornerstone in the function of the
glomerular barrier.

Immunohistochemical and electron microscopy analysis of human kidney specimens have
confirmed the specific presence of GM3 in the foot processes of podocytes [28], comforting the
functional data described in the previous paragraph [6]. This confirms the high abundance of this
type of ganglioside in podocytes, and its participation in maintaining the functional integrity of the
filtration barrier. As a negatively charged molecule, it contributes to the protein-impermeability of
the structure. This implies that any alterations in the metabolic pathways leading to decreases in
GM3 might result in altered foot processes and in permeability to proteins.

Another unbiased study was performed by our team on mouse podocytes transfected with a
vector encoding the protein CMIP (c-maf inducing protein), a podocyte and lymphocyte marker of
INS [29]. Untargeted differential lipidomics of CMIP-expressing and non-expressing cells resulted,
surprisingly, in a downregulation of the most abundant gangliosides (GM3, GM2 and GD2), while
GM3 was identified as the most abundant podocyte component of the ganglio series. Interestingly,
GM1 was not decreased [7]. The results suggested that an alteration in the pathway leading to
ganglioside biosynthesis could play a role in the pathogenesis of INS. Once more, it places GM3 as a
main actor in podocyte and glomerular function. However, a previous study on the mouse
Adriamycin model of nephrotic syndrome, the RNA levels of GM3 synthase levels were unchanged
[27].

It has been proposed that GM3 regulates by direct interaction both the insulin and the
epidermal growth factor (EGF) receptors [30-32] [33]. In diabetes-associated nephropathy (DN)
glomerular hypertrophy and proteinuria are observed. While the levels of circulating gangliosides
have been correlated with albuminuria in DN patients [34], GM3 has been found increased in kidney
and other tissues, along with glucocerebroside, in a streptozotocin-induced model of diabetes [35,
36]. Therefore, GM3 appears as an actor of podocyte injury in DN. However, another study on the
same diabetic rat model, several gangliosides, mainly GM3, were found decreased in glomeruli, in
parallel to a reduction in sialic acid content [37]. A more recent work compared the tubular and
glomerular content in GM3 in rat models of type 1 and type 2 diabetes. GM3 was found increased in
renal tubules in both models as compared to controls, but glomeruli showed a weak increase in type
1 and no change in type 2 diabetes [38]. In all these works, GM3 was semi-quantified by thin layer
chromatography and the tissue localization determined by immunofluorescence with a monoclonal
antibody. Using mass spectrometry imaging, glomerular and tubular ganglioside levels have been
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reported as increased, along with other lipid classes, in a DN mouse model [39]. The development of
lipidomics should provide a final answer to the intriguing dynamics of GM3 profile associated with
diabetes [3, 30].

GMB3 levels can be regulated either by ST3GALDS5 or by the degrading enzyme neuraminidase 3
(NEU3), or by both. In the form of nephritis developed by more than a half of patients with lupus
erythematosus, an increased presence of hexosylceramides and LacCer (the ganglioside immediate
precursors), and a decreased NEU sialidase activity has been reported in the kidney and urine of
these patients [40]. Although increased NEU activity should be associated with decreased GM3
levels, the latter were unexpectedly increased in a mouse model of lupus nephritis [41], suggesting a
complex imbalance between synthesis and catabolism of gangliosides.

A question inferred from these studies is whether experimental blocking of ganglioside
biosynthesis impacts renal function. In this line, ST3GAL5 knockout mice have been developed and
have provided capital information. For instance, insulin signaling is enhanced upon GM3 synthase
invalidation [42]. However, to date no renal phenotype has been described in this model. A
podocyte specific inducible model of ST3GALS invalidation could help complete the picture of GM3
function in glomeruli.

Interestingly, alpha-galactosidase A activity has been found significantly decreased in blood
specimens from FSGS patients in hemodialysis as compared to non-FSGS control patients [43]. This
enzyme is mutated in Fabry disease, in which lysosomal accumulation of globotriaosylceramide has
been reported. LacCer is also the precursor of the lacto and globo series (Figure 2), and an impaired
flux to GM3 and other gangliosides could be associated -as a cause or a consequence- with a
detoured metabolism to globosides in FSGS. The data available to date are insufficient to establish a
concrete hypothesis and a thorough analysis of these pathways in FSGS should be performed.

3.3. GM2

Mutations in the genes encoding the enzymes involved in glycosphingolipid metabolism result
in lysosome storage disorders [44], characterized by accumulation of specific lipids depending on
the metabolic reaction that is blocked by the mutation. For example, Sandhoff disease, due to
hexosaminidase deficiency, leads to accumulation of GM2, since hexosaminidase is responsible for
removal of N-acetylgalactosamine (GalNAc) from GM2 and subsequent retroconversion to GM3.
This was first detected in brain and hepatic tissues from a patient, where lipid analysis of the kidney
revealed an accumulation of globoside [45]. In Fabry disease, the accumulation of
globotriaosylceramide leads to proteinuria and podocyte injury [46].

Mesangial cells, another cell component of glomeruli, undergo hypertrophy and proliferation
in DN. This is induced in vivo by glucosamine administration, which results in increased levels of
GM1 and GM2. Exogenous administration of these two molecules also leads to the same effects and
point to GM2 accumulation by hexosaminidase deficiency as a mechanism of glomerular alteration
in DN [47].

3.4. GA1

LacCer is not only the precursor of GM3 and, subsequently of a and b-series gangliosides, but
also a particular class of glycosphingolipids known as asialo-gangliosides or 0O-series gangliosides
(Figure 2). This includes GA2 and GAl, respectively containing one and two galactose residues in
addition to glucose and GalNAc, but exceptionally no sialic acid. In the context of DN, an
untargeted, unbiased metabolomic study has recently pointed at GAl as a circulating marker of
renal function [48]. In the study, diabetic patients where subdivided into three groups according to
their estimated glomerular filtration rate (eGFR), whose low levels are characteristic of renal
dysfunction. The results identified plasma levels of GA1l as negatively correlated with eGFR,
suggesting it as a precocious marker of kidney damage and risk of end stage renal disease. This is to
our knowledge the only work showing a ganglioside as a circulating biomarker of renal disease. It is
difficult to associate this finding with the above described alterations in ganglioside profile in
diabetic glomeruli. It could be a sign of either a block in alpha-2,3-sialyltransferase (ST3GAL1),
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which would be accompanied by accumulation of GM1a, GD1b, GT1c, or by increased desialylation
of GM1b due to NEU1/4 activity. It could also be a sign of increased flux towards ganglioside
synthesis.

4. Lessons from APOL1 genetic variants

A polymorphism in the gene encoding apolipoprotein L1 (APOL1) has been associated with the
development of several nephropathies, including hypertension-attributed nephropathy, and
glomerulopathies like HIV-associated nephropathy (HIVAN) and idiopathic FSGS. The pathogenic
mechanism linking the variant APOL1 alleles with podocyte damage concerns lysosomal and
mitochondrial function, as well as autophagic flux [49, 50]. An exhaustive study inquired about the
potential effect of APOL1 pathologic allelic variants (known as Gl and G2) on sphingolipid
metabolism [8]. Transfection of human podocytes with wild-type APOL1 induced profound changes
in the sphingolipid profile, in particular a dramatic decrease in LacCer content, with no changes in
gangliosides. Conversely, the APOL1 allele variants induced a significant increase in GDla and
sphingomyelin, and a decrease in GA1, ceramide, GlcCer, in addition to LacCer. No changes were
observed in the most abundant gangliosides, such as GM3 and GM1. Strikingly, both variants and
the WT form induced significant decreases in the enzymatic activities of hydrolases, such as a and 3
galactosidases, [3-hexosaminidase and glucosylceramidase, responsible for the catabolic reversed
reactions on the same series. But, conversely, when the authors studied these activities at the cell
surface, they found the opposite effect, with increased activity, especially when the G2 variant was
overexpressed. The sphingolipid profile of lipid rafts was also changed, with significant decreases in
gangliosides GD1a, GM3, GM1b and GA1, along with Cer, GlcCer and LacCer precursors, the
changes varying depending on the APOL1 variant expressed. This suggests a role of APOL1, and
possibly high density lipoproteins (HDL), in the regulation of ganglioside synthesis and
degradation, and also that changes induced in sphingolipid content by genetic variants G1 and G2
can contribute to podocyte alterations. But, most interestingly, changes in ganglioside species
operate and are detectable especially at raft microdomains.

5. A word by ceramides

Ceramides are the central metabolites where pathways converge and diverge in the
sphingolipid metabolic sphere. Therefore, regulation of ceramide content will show an impact on
ganglioside synthesis and, conversely, regulation of ganglioside synthesis and catabolism can have
an effect on ceramide content. Ceramides themselves are bioactive lipids, but so are mostly their
phosphorylated derivatives ceramide 1 phosphate (C1P) and sphingosine 1 phosphate (S1P).
Ceramide levels are, therefore, tightly regulated in cells.

In a recent work, Li and colls. [51] characterized a mouse model in which the catalytic subunit
of lysosomal acid ceramidase (Asahl) was invalidated specifically in podocytes. This enzyme is
responsible for ceramide catabolism and critical in cellular homeostasis. As expected ceramides, in
particular C16, accumulated in the glomeruli of these individuals. Interestingly mice developed
proteinuria in the absence of morphological changes in glomeruli following light microscopy
observation. Conversely, electron microscopy revealed foot process effacement. Altogether, these
alterations are similar to those corresponding to MCNS. A double invalidation of Asahl and an acid
sphingomyelinase (SMPD1), an enzyme leading to ceramide production by sphingomyelin
hydrolysis, corrected the ceramide levels and partially reversed the proteinuria and morphological
changes observed in the single knockout. This points at ceramides as potential actors participating in
the pathogenic mechanisms of podocytopathies. Also, the fact that these enzymes are lysosomal
underlines the importance of these organelles in sphingolipid and glycosphingolipid homeostasis.
No information is provided in the study about the status of the ganglioside flux.

In our works we have found, along with a decrease in GM3, GM2, and GD3 in mouse podocytes
transfected with human CMIP, an increased presence of LacCer, GlcCer and several ceramides,
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consistent with a block in GM3 synthesis at the ST3Gal5/GM3 synthase level [7]. Our finding in
mouse T cells overexpressing human CMIP, consisting of a decrease in the GM3 protein expression
after 30min of T-cell receptor (TCR) activation, seems to comfort the hypothesis of a GM3 synthesis
blocking associated with CMIP overexpression. Interestingly, CMIP was first identified by
subtractive cloning in T cells [29]. Later it was also detected in podocytes from MCNS patients [52],
and the lesions induced in a mouse podocyte-specific transgenic model of CMIP overexpression are
similar to those of human MCNS [52]. Considering our results in view of the findings by Li and colls.
[51], it is tempting to hypothesize that ceramide participates in CMIP-induced proteinuria due to
ceramide accumulation in podocytes as a consequence of the GM3 synthesis blocking.

A nephropathy associated with ceramide accumulation is one of the features of Farber disease,
a genetic disorder resulting from mutations in the ASAHI gene [53]. Ceramide levels are also
increased in genetic steroid resistant nephrotic syndrome in association with mutated S1P lyase
[54-56]. Likewise, pharmacological inhibition of this enzyme induces a nephrotic syndrome in
rodents [57]. The nephropathy associated with diabetes also benefits from the targeting of ceramide
accumulation by an adiponectin receptor agonist [58]. Acid sphingomyelinase overexpression also
leads to ceramide accumulation and to glomerular sclerosis in mice [59]. All these reports point at
ceramide accumulation as a contributor to podocyte and glomerular dysfunction, as a result of
defects in different genes and proteins. Likewise, a block in ganglioside synthesis could represent an
additional source of ceramide accumulation leading to similar consequences and place ceramides at
the central point of podocyte injury.

However, the latter hypothesis is challenged by the seminal works by Fornoni and collaborators
on the connection between sphingomyelinase-like phosphodiesterase 3b (SMPDL3b) and podocyte
dysfunction. While SMPDL3b is overexpressed in diabetic nephropathy patients [60], recurrent
FSGS patients present a decreased expression of this enzyme in podocytes [61]. This apparently
contradicting scenario might indicate that these two diseases are too far apart pathogenically,
though sharing the glomerular dysfunction. Nevertheless, to our knowledge no systematic ceramide
analysis has been performed to date on patients’ biopsies.

6. The role of the immune system

The direct implication of the immune system in podocytopathies such as IgA nephropathy,
membranous nephropathy and lupus nephritis is clear, all these based on the development of
autoantibodies. In the case of INS, there are no immune depots present in the glomerulus, yet an
immune dysfunction at the origin of the pathology is supported by a consistent body of evidence
[62]. Nonetheless the precise pathogenic mechanisms involved in INS are far from being
understood. Gangliosides exert capital functions in immune cells, (for review [63, 64]). They are
present in both myeloid and lymphoid cell populations, as well as in hematopoietic stem cells [64].
Thus, GM3 has been described in most immune cell types, except in eosinophils, basophils and NK
cells, in which GM1 and asialo GM1 have been reported and seem to represent the most abundant
ganglioside species. O-acetylated forms of GD3 have also been described in T, B and NK cells. An
example of the ganglioside function in the immune system is their implication in T cell activation
[65-67], where distinct profiles of gangliosides are characteristic of CD4 and CD8 cells. Ganglioside
function in immune cells, as in podocytes, is related to their role in organizing membrane
microdomains, but also to their interaction with cellular receptors and signal transduction.
Consequently, a dysregulation of ganglioside metabolism can be expected to participate in the
immune origin of INS. To date, an abnormal distribution of GM1 has been observed in T cells
overexpressing the INS marker CMIP, as well as a decreased GM3 synthase expression after TCR
activation [7].

Activation of invariant NK cells by glycosphingolipid-1 (GSL-1), a bacterial
monoglycosylceramide, is able to protect glomeruli and reverse the effects of adriamycin injection,
an in vivo model of FSGS in mouse [27]. Most interestingly, this protection was paralleled by
increased expression of GM3 synthase in the kidney, concomitant with increased levels of Bcl-2,
suggesting a protective role for GM3 in the kidney by engaging an antiapoptotic mechanism [68].
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Although the link between adriamycin and GD3 synthase expression, and that between GSL-1 and
GM3 expression are not well established, the same study suggests the involvement of TGF-$ and
SMAD signaling [27], and opens an interesting mechanistic field to understand the role of
gangliosides in glomerular biology and in INS.

In systemic lupus erythematosus (SLE) patients, the presence of antibodies possessing sialidase
activity [69] targeting gangliosides, and anti-ganglioside antibodies targeting asialo-GM1, GM1,
GM2, GM3, GT1b, GD1b, and GD3 have been reported [70, 71]. Increased GM1 has been observed in
peripheral CD4+ T cells [72]. Abnormal T cell responses in SLE have been associated with an
abnormal ganglioside profile [73, 74]. Unfortunately, there is little information about the ganglioside
profile in podocytes in SLE, which is limited to date to the increased presence of GM3 in kidneys
from a nephritic mouse model [41]. Other renal pathologies, such as IgA nephropathy,
Henoch-Schonlein purpura nephritis, MCNS, mesangial proliferative glomerulonephritis and
membranoproliferative glomerulonephritis have been associated with the presence of antibodies
against N-glycolyl GM3, a variant of GM3 characteristic of some cancer cells [75]. A case of
hyperthyroidism accompanied by hematuria, proteinuria, proliferation of mesangial cells and
increased mesangial matrix with focal segmental capillary wall abnormality, was attributed to the
presence of a thyroid antibody targeting fucosyl-GM1. The latter was detected by
immunofluorescence in the glomerular basement membrane [76]. The role of anti-ganglioside
antibodies in the pathogenesis of these diseases is still unexplored.

7. A call for deep analysis

All the observations described above, the subsequent hypotheses and insights, the potential
pathogenic mechanisms, will benefit from further research based on state-of-the-art analytical
strategies. It must be clarified that the reported gangliosides in the works published so far (i.e. GM3)
do not correspond to single molecular entities, but to groups of molecules sharing a particular
poly-sugar sialic acid-containing moiety, but differing in the nature of the sphingoid base and fatty
acid chains present, which complicates significantly the research from the analytical point of view.

Significant improvements have been made in the last ten years for the analysis of gangliosides
with the advent of lipidomics technologies [77]. Notably, the presence of polar oligosaccharide
moieties that include sialic acid residues linked on their ceramide backbone, makes gangliosides
particularly water-soluble. Therefore, during sample preparation, gangliosides tend to partition into
a more polar or aqueous layer rather than in an organic layer as observed with other lipid classes.
Once extracted from their biological matrices, a low-cost procedure for the qualitative evaluation of
the endogenous ganglioside pattern is represented by HPTLC. Using this technique, the
gangliosides contained in the aqueous phase of the lipid extract are separated according to the
different composition of their carbohydrate structure using specific solvent systems. Lipids are then
visualized using different strategies such as: i) chemical detection, ii) binding assay using antibodies,
iii) carbohydrate recognition reagents, and identified by co-migration with authentic lipid standard
[78]. In spite that this technique gives a rapid result related to the ganglioside composition of cells,
the main issue is represented by the requirement of a relative high amount of biological sample. To
increase the sensitivity of this methodology, it was exploited the use of radioactive precursors of
sphingolipids in tracer concentration. In particular, cells are treated with [1-*H]-sphingosine, or
[3-*H]-sphingosine, or [*H]serine or [*C]serine to obtain the metabolic labelling at the steady state of
all cell sphingolipids. After incubation, gangliosides isolated in the aqueous phase are separated by
TLC and radioactive lipids visualized by digital autoradiography. Exploiting the use of radioactivity
and the sensitivity of digital autoradiography, the amount of biological samples to be analyzed is
reduced by 1/100 with respect to that of the endogenous counterpart. As a weakness, the use of
radioactive precursors is mainly applicable to cells in culture.

Interestingly, the use of [1-*H]-sphingosine gives also information related to sphingolipid
turnover. [1-*H]-sphingosine, when administered to cells, is used for the de-novo biosynthesis of
sphingolipids, which become radioactive. Radioactive lipids are then degraded in lysosomes to
obtain saccharides or choline, fatty acid, and [1-*H]-sphingosine. The radioactive sphingosine could
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be further used into the biosynthetic pathway or could be phosphorylated to obtain
[1-*H]-sphingosine-1-phosphate  (S1P). SIP is further degraded to hexadecenal and
phosphoethanolamine, which is radioactive due to the presence of tritium on the first carbon of
sphingosine. [*H]phosphoethanolamine is wused for the biosynthesis of radioactive
phosphatidylethanolamine. For this reason, the use of [1-*H]-sphingosine allows to obtain the
metabolic labeling of all cell sphingolipids and also of phosphatidylethanolamine, which reflects the
rate of sphingolipids and sphingosine turnover [8, 78, 79]. One of the main limitations of HPTLC
methodology is the incapability to provide quantitative data and the information related to ceramide
structures, both evaluable by mass spectrometry (MS) analyses. MS, either electrospray ionization
(ESI) or direct analysis ionization sources, such as matrix-assisted laser desorption ionization
(MALDI), are routinely used to monitor and quantify levels of gangliosides in biological samples
[80]. Since different ganglioside species may have the same molecular mass, MS is often used in
conjunction with separation techniques, such as chromatography and ion mobility, to separate
isomers and characterize the complex and diverse chemical structures of gangliosides [81]. Recently,
imaging MS has been used to facilitate ganglioside analysis in heterogeneous tissues, such as kidney
and brain samples in particular, allowing to monitor their concentration and generate images of
their molecular composition in fine anatomical structures and substructures [82].

8. Conclusions

In spite of the extreme structural diversity of gangliosides, only a handful of them have been
identified in podocytes and their functions in physiologic and pathologic conditions outlined (Table
1). Nevertheless, the cellular features of podocytes and the abundance of GM3 point at a relevance of
gangliosides and their potential involvement in the pathophysiology of glomerulopathies. The role
of the immune system in INS has been demonstrated, but the mechanisms are still in the dark.

Table 1. Changes in the abundance of gangliosides and precursors associated with glomerular
diseases. Arrows indicate relative abundance variations and in parenthesis the tissue, cell or
subcellular compartment where these variations have been observed.

Molec.u lar Pathology Observed Reference
species changes
Ceramide APOL1 associated FSGS \ [8]
(podocytes)
Proteinuria model (Asahl KO mouse) / [51]
(lysosomes)
Genetic steroid resistant nephrotic syndrome / [54-56]
(glomeruli)
Glomerular sclerosis (acid 'sphingomyelinase / [59]
overexpression) (glomeruli)
GlcCer APOL1 associated FSGS [8]
(podocytes)
LacCer Lupus nephritis / (kidney) [40]
APOL1 associated FSGS [8]
(podocytes)
GM3 INS (CMIP overexpression) [7]

(podocytes)
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DN (streptozotocin rat model)

DN (streptozotocin rat model)

DN (type 1 diabetes rat model)

DN (mouse model)

APOL1 associated FSGS

Lupus nephritis (mouse model)

IgA nephropathy, Henoch-Schonlein purpura
nephritis, MCNS, mesangial proliferative
glomerulonephritis, membranoproliferative
glomerulonephritis

GD3 PAN nephropathy rat model
O-acetylated-GD3  Microalbuminuria associated with lead toxicity

PAN nephropathy rat model

GM2 INS (CMIP overexpression)

DN (glucosamine administration)

GD2 INS (CMIP overexpression)

GM1 DN (glucosamine administration)

APOL1 associated FSGS

GDla APOL1 associated FSGS

APOL1 associated FSGS

GA1l DN

/ (kidney)
.

(glomeruli)

/"

(glomeruli)

/

(glomeruli)

(podocyte
rafts)

/ (kidney)
/

(antibodies)

(kidney)
/ (kidney)
.

(kidney)
e

(podocytes)

/

(mesangial

cells)
N

(podocytes)

/"

(mesangial
cells)

e

(podocyte
rafts)

/"

(podocytes)

(podocyte
rafts)
Neg.

correlation

with eGFR

11 0f 16

135, 36]

[37]

[38]

[39]

(8]

[41]

[73]

[26]
[25]

[26]

[7]

[48]
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e

APOL1 associated FSGS [8]
(podocytes)

As stated in chapter 3.2, the general ST3Gal5 knockout mouse model does not develop any
renal phenotype [83], whereas a podocyte-specific invalidation has not been developed to date.
Cross breeding of this model with others can provide capital information on the role of ganglioside
homeostasis in pathophysiology. One example in the context of kidney disease is the cross breeding
of ST3Gal5 knockouts with a transgenic mouse line bearing the juvenile cystic kidney mutation (jck),
responsible for polycystic kidney. Breeding results in a milder polycystic pathology, suggesting that
GM3 synthase is involved in the pathogenesis [84]. Similar strategies would complement analytical
studies in developing consistent hypotheses on the pathophysiologic role of ganglioside synthases
and gangliosides.

The implementation of MS-based lipidomic approaches, targeting the biochemical pathways for
ganglioside biosynthesis and degradation, will allow a better understanding of the role played by
these sphingolipids in kidney diseases. Clinical strategies, based on these state-of-the-art analytical
approaches, might put this category of lipids as candidates for diagnostic and prognostic biomarkers
of diverse forms of podocytopathies. A long path is still ahead.
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Abbreviations

APOL1 Apolipoprotein L1

Asahl Lysosomal acid ceramidase

CMIP 1C-maf inducing protein

DN Diabetes-associated nephropathy

EGF Epidermal growth factor

eGFR Estimated glomerular filtration rate

ESI Electrospray ionization

FSGS Focal and segmental glomerulosclerosis

Flt1 Vascular endothelial growth factor receptor 1
GalNAc N-acetylgalactosamine

GlcCer Glucosylceramide

GA Asialo gangliosides

GD Di-sialo gangliosides

GM Mono-syalo gangliosides

GP Penta-sialo gangliosides

GQ Quadri-sialo gangliosides

GSL-1 Glycosphingolipid-1

GT Tri-sialo gangliosides

HDL High density lipoproteins

HPTLC High performance thin layer chromatography
INS Idiopathic nephrotic syndrome

LacCer Lactosylceramide

MALDI Matrix assisted laser desorption ionization
MCNS Minimal change nephotic syndrome

NEU Neuraminidase

PAN Puromycin aminonucleoside nephropathy
ST8Sial Ganglioside D3 synthase

SMPDL3b Sphingomyelinase-like phosphodiesterase 3b
ST3Gall alpha-2,3-sialyltransferase

ST3Galb Ganglioside M3 synthase

SLE systemic lupus erythematosus

TCR T-cell receptor

VEGF Vascular endothelial growth factor
References

1.  Mauri, L., S. Sonnino, and A. Prinetti, Chemical and Physicochemical Properties of Gangliosides. Methods

Mol Biol, 2018, 1804, 1-17.

Glebov, O.O. and B.J. Nichols, Lipid raft proteins have a random distribution during localized activation
of the T-cell receptor. Nat Cell Biol, 2004, 6(3), 238-43.

Inokuchi, J.L, et al., Biology of GM3 Ganglioside. Prog Mol Biol Transl Sci, 2018, 156, 151-195.

Simons, K. and M.]. Gerl, Revitalizing membrane rafts: new tools and insights. Nat Rev Mol Cell Biol, 2010,
11(10), 688-99.

Julien, S., et al.,, How Do Gangliosides Regulate RTKs Signaling? Cells, 2013, 2(4, 751-67.

Jin, J., et al,, Soluble FLT1 binds lipid microdomains in podocytes to control cell morphology and
glomerular barrier function. Cell, 2012, 151(2), 384-99.

Oniszczuk, J., et al., CMIP is a negative regulator of T cell signaling. Cell Mol Immunol, 2020, 17(10),
1026-1041.

Valsecchi, M., et al.,, APOL1 polymorphism modulates sphingolipid profile of human podocytes. Glycoconj
J, 2020, 37(6), 729-744.

Nishi, S., H. Ozawa, and M. Arakawa, A cytochemical study of glycocalyx and the membrane cholesterol
of rat glomerular podocytes. Arch Histol Cytol, 1990, 53(4), 371-9.



461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

Int. ]. Mol. Sci. 2020, 21, x FOR PEER REVIEW 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

Schermer, B. and T. Benzing, Lipid-protein interactions along the slit diaphragm of podocytes. ] Am Soc
Nephrol, 2009, 20(3), 473-8.

Huber, T.B., B. Schermer, and T. Benzing, Podocin organizes ion channel-lipid supercomplexes:
implications for mechanosensation at the slit diaphragm. Nephron Exp Nephrol, 2007, 106(2), e27-31.
Simons, M., et al.,, Involvement of lipid rafts in nephrin phosphorylation and organization of the
glomerular slit diaphragm. Am ] Pathol, 2001, 159(3), 1069-77.

Schwarz, K., et al., Podocin, a raft-associated component of the glomerular slit diaphragm, interacts with
CD2AP and nephrin. | Clin Invest, 2001, 108(11), 1621-9.

Yuan, H., E. Takeuchi, and D.J. Salant, Podocyte slit-diaphragm protein nephrin is linked to the actin
cytoskeleton. Am | Physiol Renal Physiol, 2002, 282(4), F585-91.

Huber, T.B., et al., Molecular basis of the functional podocin-nephrin complex: mutations in the NPHS2
gene disrupt nephrin targeting to lipid raft microdomains. Hum Mol Genet, 2003, 12(24), 3397-405.
Roselli, S., et al., Plasma membrane targeting of podocin through the classical exocytic pathway: effect of
NPHS2 mutations. Traffic, 2004, 5(1), 37-44.

Kim, E.Y., et al., NOX2 interacts with podocyte TRPC6 channels and contributes to their activation by
diacylglycerol: essential role of podocin in formation of this complex. Am ] Physiol Cell Physiol, 2013,
305(9),. C960-71.

Merscher, S. and A. Fornoni, Podocyte pathology and nephropathy - sphingolipids in glomerular diseases.
Front Endocrinol (Lausanne), 2014, 5, 127.

Fornoni, A., S. Merscher, and J.B. Kopp, Lipid biology of the podocyte--new perspectives offer new
opportunities. Nat Rev Nephrol, 2015, 10(7), 379-88.

Holthofer, H., J. Reivinen, and A. Miettinen, Nephron segment and cell-type specific expression of
gangliosides in the developing and adult kidney. Kidney Int, 1994, 45(1), 123-30.

Reivinen, J., H. Holthofer, and A. Miettinen, A cell-type specific ganglioside of glomerular podocytes in rat
kidney: an O-acetylated GD3. Kidney Int, 1992, 42(3), 624-31.

Nayak, R.C,, et al., Expression of a monoclonal antibody (3G5) defined ganglioside antigen in the renal
cortex. Kidney Int, 1992, 41(6), 1638-45.

Coers, W, et al., Characterization of a rat glomerular visceral epithelial cell line. Exp Nephrol, 1996, 4(3),
184-92.

Breiden, B. and K. Sandhoff, Ganglioside Metabolism and Its Inherited Diseases. Methods Mol Biol, 2018,
1804, 97-141.

Aguilar, R.P., S. Genta, and S. Sanchez, Renal gangliosides are involved in lead intoxication. ] Appl Toxicol,
2008, 28(2), 122-31.

Holthofer, H., et al., Decrease of glomerular disialogangliosides in puromycin nephrosis of the rat. Am |
Pathol, 1996, 149(3), 1009-15.

Pereira, R.L., et al., Invariant natural killer T cell agonist modulates experimental focal and segmental
glomerulosclerosis. PLoS One, 2012, 7(3),. €32454.

Kaneko, T., et al., Histochemical and immunoelectron microscopic analysis of ganglioside GM3 in human
kidney. Clin Exp Nephrol, 2015, 19(3), 403-10.

Grimbert, P., et al., Truncation of C-mip (Tc-mip), a new proximal signaling protein, induces c-maf Th2
transcription factor and cytoskeleton reorganization. | Exp Med, 2003, 198(5), 797-807.

Inokuchi, J.,, GM3 and diabetes. Glycoconj ], 2014, 31(3), 193-7.

Tagami, S., et al., Ganglioside GM3 participates in the pathological conditions of insulin resistance. | Biol
Chem, 2002, 277(5), 3085-92.

Yoon, S.J., et al., Epidermal growth factor receptor tyrosine kinase is modulated by GM3 interaction with
N-linked GlcNAc termini of the receptor. Proc Natl Acad Sci U S A, 2006, 103(50), 18987-91.

Kabayama, K., et al., Dissociation of the insulin receptor and caveolin-1 complex by ganglioside GM3 in
the state of insulin resistance. Proc Natl Acad Sci U S A, 2007, 104(34), 13678-83.

Ene, C.D. et al, Monitoring Diabetic Nephropathy by Circulating Gangliosides. | Immunoassay
Immunochem, 2016, 37(1), 68-79.

Vukovic, I, et al,, The missing link - likely pathogenetic role of GM3 and other gangliosides in the
development of diabetic nephropathy. Kidney Blood Press Res, 2015, 40(3), 306-14.

Zador, 1.Z., et al, A role for glycosphingolipid accumulation in the renal hypertrophy of
streptozotocin-induced diabetes mellitus. | Clin Invest, 1993, 91(3), 797-803.



515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

Int. ]. Mol. Sci. 2020, 21, x FOR PEER REVIEW 150f 16

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kwak, D.H,, et al.,, Decreases of ganglioside GM3 in streptozotocin-induced diabetic glomeruli of rats. Life
Sci, 2003, 72(17), 1997-2006.

Novak, A, et al., Renal distribution of ganglioside GM3 in rat models of types 1 and 2 diabetes. | Physiol
Biochem, 2013, 69(4), 727-35.

Grove, K., et al.,, Diabetic nephropathy induces alterations in the glomerular and tubule lipid profiles. |
Lipid Res, 2014, 55(7), 1375-85.

Nowling, T.K,, et al.,, Renal glycosphingolipid metabolism is dysfunctional in lupus nephritis. | Am Soc
Nephrol, 2015, 26(6), 1402-13.

Nowling, T.K,, et al., Targeting glycosphingolipid metabolism as a potential therapeutic approach for
treating disease in female MRL/lpr lupus mice. PLoS One, 2020, 15(3), €0230499.

Yamashita, T., et al., Enhanced insulin sensitivity in mice lacking ganglioside GM3. Proc Natl Acad Sci U S
A, 2003, 100(6), 3445-9.

Hasbal, N.B., et al., Unexpectedly High Prevalence of Low Alpha-Galactosidase A Enzyme Activity in
Patients with Focal Segmental Glomerulosclerosis. Clinics (Sao Paulo), 2020, 75, e1811.

Ryckman, A.E., I. Brockhausen, and J.S. Walia, Metabolism of Glycosphingolipids and Their Role in the
Pathophysiology of Lysosomal Storage Disorders. Int | Mol Sci, 2020, 21(18), 6881.

Tatematsu, M., et al., Sandhoff disease. Acta Pathol Jpn, 1981, 31(3), 503-12.

Najafian, B., et al., Progressive podocyte injury and globotriaosylceramide (GL-3) accumulation in young
patients with Fabry disease. Kidney Int, 2011, 79(6), 663-670.

Masson, E,, et al., Glucosamine induces cell-cycle arrest and hypertrophy of mesangial cells: implication of
gangliosides. Biochem ], 2005, 388(Pt 2), 537-44.

Nilavan, E., et al., Identification of biomarkers for early diagnosis of diabetic nephropathy disease using
direct flow through mass spectrometry. Diabetes Metab Syndr, 2020, 14(6), 2073-2078.

Kumar, V., et al, Disruption of APOL1-miR193a Axis Induces Disorganization of Podocyte Actin
Cytoskeleton. Sci Rep, 2019, 9(1), 3582.

Lan, X, et al, APOLI risk variants enhance podocyte necrosis through compromising lysosomal
membrane permeability. Am | Physiol Renal Physiol, 2014, 307(3), F326-36.

Li, G., et al., Podocytopathy and Nephrotic Syndrome in Mice with Podocyte-Specific Deletion of the
Asah1 Gene: Role of Ceramide Accumulation in Glomeruli. Am | Pathol, 2020, 190(6), 1211-1223.

Zhang, S.Y., et al., c-mip impairs podocyte proximal signaling and induces heavy proteinuria. Sci Signal,
2010, 3(122), ra39.

Park, J.H. and E.H. Schuchman, Acid ceramidase and human disease. Biochim Biophys Acta, 2006, 1758(12),
2133-8.

Janecke, AR, et al.,, Deficiency of the sphingosine-1-phosphate lyase SGPL1 is associated with congenital
nephrotic syndrome and congenital adrenal calcifications. Hum Mutat, 2017, 38(4), 365-372.

Lovric, S., et al., Mutations in sphingosine-1-phosphate lyase cause nephrosis with ichthyosis and adrenal
insufficiency. | Clin Invest, 2017, 127(3), 912-928.

Prasad, R., et al., Sphingosine-1-phosphate lyase mutations cause primary adrenal insufficiency and
steroid-resistant nephrotic syndrome. | Clin Invest, 2017, 127(3), 942-953.

Schumann, J., et al, Reduced Activity of Sphingosine-1-Phosphate Lyase Induces Podocyte-related
Glomerular Proteinuria, Skin Irritation, and Platelet Activation. Toxicol Pathol, 2015, 43(5), 694-703.

Choi, S.R,, et al,, Adiponectin receptor agonist AdipoRon decreased ceramide, and lipotoxicity, and
ameliorated diabetic nephropathy. Metabolism, 2018, 85, 348-360.

Boini, K.M,, et al., Acid sphingomyelinase gene knockout ameliorates hyperhomocysteinemic glomerular
injury in mice lacking cystathionine-beta-synthase. PLoS One, 2012, 7(9), e45020.

Yoo, T.H.,, et al., Sphingomyelinase-like phosphodiesterase 3b expression levels determine podocyte injury
phenotypes in glomerular disease. ] Am Soc Nephrol, 2015, 26(1), 133-47.

Fornoni, A., et al., Rituximab targets podocytes in recurrent focal segmental glomerulosclerosis. Sci Transl
Med, 2011, 3(85), 85ra46.

Sahali, D., et al, Immunopathogenesis of idiopathic nephrotic syndrome with relapse. Semin
Immunopathol, 2014, 36(4), 421-9.

Iwabuchi, K., Gangliosides in the Immune System: Role of Glycosphingolipids and
Glycosphingolipid-Enriched Lipid Rafts in Immunological Functions. Methods Mol Biol, 2018, 1804, 83-95.
Zhang, T., et al., The Role of Glycosphingolipids in Immune Cell Functions. Front Immunol, 2019, 10, 90.



569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609

610

Int. ]. Mol. Sci. 2020, 21, x FOR PEER REVIEW 16 of 16

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.
82.

83.

84.

Inokuchi, J., et al,, Heterogeneity of gangliosides among T cell subsets. Cell Mol Life Sci, 2013, 70(17),
3067-75.

Inokuchi, J., et al., Distinct selectivity of gangliosides required for CD4(+) T and CD8(+) T cell activation.
Biochim Biophys Acta, 2015, 1851(1), 98-106.

Nagafuku, M., et al.,, CD4 and CD8 T cells require different membrane gangliosides for activation. Proc
Natl Acad Sci U S A, 2012, 109(6), E336-42.

Noguchi, M., et al., Endogenously produced ganglioside GM3 endows etoposide and doxorubicin
resistance by up-regulating Bcl-2 expression in 3LL Lewis lung carcinoma cells. Glycobiology, 2006, 16(7),
641-50.

Tomin, A., et al.,, Desialylation of dying cells with catalytically active antibodies possessing sialidase
activity facilitate their clearance by human macrophages. Clin Exp Immunol, 2015, 179(1), 17-23.

Galeazzi, M., et al., Anti-ganglioside antibodies in a large cohort of European patients with systemic lupus
erythematosus: clinical, serological, and HLA class II gene associations. European Concerted Action on the
Immunogenetics of SLE. | Rheumatol, 2000, 27(1), 135-41.

Labrador-Horrillo, M., et al., Anti-ganglioside antibodies in patients with systemic lupus erythematosus
and neurological manifestations. Lupus, 2012, 21(6), 611-5.

Dong, L., et al., Increased expression of ganglioside GM1 in peripheral CD4+ T cells correlates soluble
form of CD30 in Systemic Lupus Erythematosus patients. | Biomed Biotechnol, 2010, 2010, 569053.

Jury, E.C,, et al., Altered lipid raft-associated signaling and ganglioside expression in T lymphocytes from
patients with systemic lupus erythematosus. ] Clin Invest, 2004, 113(8), 1176-87.

Krishnan, S., et al,, Alterations in lipid raft composition and dynamics contribute to abnormal T cell
responses in systemic lupus erythematosus. | Immunol, 2004, 172(12), 7821-31.

Seki, K. and Y. Kikkawa, [Studies on Hanganutziu-Deicher antibodies in renal diseases]. Nihon Jinzo Gakkai
Shi, 1992, 34(2), 107-15.

Matsuura, M., et al., Thyroid antigen-antibody nephritis: possible involvement of fucosyl-GM1 as the
antigen. Endocrinol Jpn, 1987, 34(4), 587-93.

Astarita, G. and M. Ollero, Lipidomics: an evolving discipline in molecular sciences. Int ] Mol Sci, 2015.
16(4), 7748-7752.

Scandroglio, F., et al., Thin layer chromatography of gangliosides. Glycoconj ], 2009, 26(8), 961-73.
Ridgway, N.D., Analysis of Sphingolipid Synthesis and Transport by Metabolic Labeling of Cultured Cells
with [(3)H]Serine. Methods Mol Biol, 2016, 1376, 195-202.

Sarbu, M., et al., Electrospray Ionization Ion Mobility Mass Spectrometry of Human Brain Gangliosides.
Anal Chem, 2016, 88(10), 5166-78.

Jackson, S.N., et al., Gangliosides' analysis by MALDI-ion mobility MS. Analyst, 2011, 136(3), 463-6.
Abbas, I, et al., Kidney Lipidomics by Mass Spectrometry Imaging: A Focus on the Glomerulus. Int ] Mol
Sci, 2019, 20(7), 1623.

Yoshikawa, M., et al., Mice lacking ganglioside GM3 synthase exhibit complete hearing loss due to
selective degeneration of the organ of Corti. Proc Natl Acad Sci U S A, 2009, 106(23), 9483-8.

Natoli, T.A,, et al., Loss of GM3 synthase gene, but not sphingosine kinase 1, is protective against murine
nephronophthisis-related polycystic kidney disease. Hum Mol Genet, 2012, 21(15), 3397-407.

© 2020 by the authors. Submitted for possible open access publication under the terms
@ @ and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



