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At first glance, the biological function of globoside (Gb) clusters appears to be that of glycosphingolipid (GSL) receptors for bacterial toxins that mediate host-pathogen interaction. Indeed, certain bacterial toxin families have been evolutionarily arranged so that they can enter eukaryotic cells through GSL receptors. A closer look reveals this molecular arrangement allocated on a variety of eukaryotic cell membranes, with its role revolving around physiological regulation and pathological processes. What makes Gb such a ubiquitous functional arrangement? Perhaps its peculiarity is underpinned by the molecular structure itself, the nature of Gb-bound ligands, or the intracellular trafficking unleashed by those ligands. Moreover, Gb biological conspicuousness may not lie on intrinsic properties or on its enzymatic synthesis/degradation pathways. The present review traverses these biological aspects, focusing mainly on globotriaosylceramide (Gb3), a GSL molecule present in cell membranes of distinct cell types, and proposes a wrap-up discussion with a phylogenetic view and the physiological and pathological functional alternatives.
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1 INTRODUCTION
Glycosphingolipids (GSLs) are complex lipids consisting of glycans conjugated to a ceramide core and comprise a diverse group of over 300 molecules (Table 1) (D'Angelo et al., 2013; Nakayama et al., 2013). Although the nomenclature and classification of GSLs is complex (1978), they can be classified on the basis of their electrical charge as neutral, acidic (anionic), or basic (cationic), and according to their core structure as ganglio-series (N-acetylgalactosamine β-1,4 galactose β-1,4 glucose β-1,1′ Cer), globo-series (galactose α-1,4 galactose β-1,4 glucose 1,1′ Cer), isoglobo-series (galactose α-1,3 galactose β-1,4 glucose 1-1′ Cer), muco-series (galactose β-1,4 galactose β1-4 glucose 1,1′ Cer), lacto-series type 1 (galactose β-1,3-N-acetylglucosamine β-1,3 galactose β-1-4 glucose 1-1′ Cer), lacto-series type 2 (galactose β-1,4-N-acetylglucosamine β-1,3 galactose β-1,4 glucose 1-1′ Cer) and gala-series (galactose α-1,4 galactose 1-1′ Cer) (Keusch et al., 2000; Hakomori, 2003; Zhang and Kiechle, 2004; Kopitz, 2017).
TABLE 1 | Glycolipid types.
[image: Table 1]GSLs are involved in cellular events including the regulation of membrane-receptor protein signaling, cellular crosstalk, cell adhesion and differentiation (Mathow et al., 2015; Herzer et al., 2016; Jennemann et al., 2017). Furthermore, GSLs have been shown to participate in diverse immune processes including differentiation, recognition, recruitment of proteins to specific membrane microdomains, direct interaction with surface receptors, and transduction of activation signals (Zhang et al., 2019). Mice deficient in subclasses of GSLs show immunological, reproductive, neuronal, renal, gastrointestinal, and metabolic defects (Allende and Proia, 2014).
In this context, this review will focus on globotriaosylceramide (Gb3), also known as Burkitt’s lymphoma antigen CD77 (Knapp et al., 1989), and the Pk antigen of red blood cells P antigen system (Naiki and Kato, 1979; Iwamura et al., 2003), a neutral GSL from the globo-series present in a detergent-insoluble portion of lipid raft membranes rich in cholesterol (Fraser et al., 2004). Gb3 is expressed and located in the outer layer of the cell membrane of many different cell types (see Section 3). Although Gb3 is known to fulfill an important role for cell membrane structure in lipid raft microdomains (Allende and Proia, 2014; Mathow et al., 2015; Herzer et al., 2016; Jennemann et al., 2017; Zhang et al., 2019), reports on its biological function remain scarce.
Gb3 is the canonical receptor of Shiga toxin (Stx) from the gram-negative Stx-producing E. coli (STEC). Infection with STEC is responsible for hemorrhagic colitis and hemolytic-uremic syndrome (HUS), a thrombotic microangiopathic disease characterized by the triad of microangiopathic hemolytic anemia, thrombocytopenia, and different degrees of acute kidney failure (Karmali et al., 1985). Additionally, the glycosphingolipid catabolism disorder known as Fabry disease causes intracellular deposition of Gb3 in the vascular endothelium and other tissues. This hereditary condition is a heterogeneous, progressive disease whose manifestations include acroparesthesia, sweating abnormalities, cornea verticillata, and angiokeratoma, as well as cardiovascular, cerebrovascular, and renal disorders derived from dysfunction of the organ affected by Gb3 accumulation (Chan and Adam, 2018). Gb3 also serves as an alternative cofactor in CD4-dependent HIV-1 fusion, interacting preferentially with the CXCR4 gp120 (Hammache et al., 1999).
2 GB3 STRUCTURE, SYNTHESIS, AND DEGRADATION
Gb3 is a glycosphingolipid formed by a lipid skeleton connected to an oligosaccharide (Figure 1). The lipidic part of its structure consists of the union of a sphingosine and a fatty acid through an amide bond, which renders a ceramide molecule. Gb3 molecules with modifications in the sphingosine are called analogs, while those with modifications in the fatty acid chain are called isoforms (Provencal et al., 2016), the latter mostly accounting for ceramide heterogeneity. Both the fatty acid and sphingosine vary in length, ranging from 16 to 26 carbons. The different Gb3 analogs and isoforms can be classified on the basis of chemical modifications into the following five groups: Group 1, Gb3 isoforms with saturated fatty acids; Group 2, Gb3 isoforms/analogs with an extra double bond (in sphingosine or fatty acid); Group 3, Gb3 isoforms/analogs with two extra double bonds (in the sphingosine and the fatty acid or both in the fatty acid); Group 4, hydroxylated fatty acid Gb3 isoforms; and Group 5, methylated Gb3 isoforms. Of note, these modifications change the affinity of Stx for Gb3 binding (Provencal et al., 2016). Although the oligosaccharide part of Gb3 is the main Stx recognition domain, the lipid fraction can modulate recognition according to its length and degree of unsaturation and hydroxylation (Binnington et al., 2002). These modifications in the lipid part of Gb3 receive support from the detection of different isoforms and analogs of Gb3 in the plasma and urine of patients with Fabry disease which are regarded as biomarkers for this pathology (Provencal et al., 2016).
[image: Figure 1]FIGURE 1 | Chemical structure of Gb3. Orange carbon chain: fatty acid. Purple carbon chain: sphingosine. Blue monosaccharide residue: glucose. Green monosaccharide residues: galactose. Black curved arrows represent a specific enzyme in the Gb3 synthesis pathway. The name of the enzyme and the link produced by the enzyme are shown above and below, respectively, in black. Red arrowheads represent a specific enzyme in the Gb3 degradation pathway. The name of the enzyme is shown below in red. Red blunt arrow represents the enzyme which is inhibited by different drugs (above in red) and indicates the changes in the fatty acid and sphingosine that can lead to the diversity of Gb3 isoforms and analogs, respectively. #: Enzyme induced by INFα. *: Enzyme induced by TNFα. GCS, glucosylceramide synthase; β4Gal-T5, β-1,4 galactosyltransferase 5; AC, acid ceramidase; α-Gal, α-galactosidase A; GALC, GalCer-β-galactosidase; GlcCer’ase, GlcCer-β-glucosidase.
The synthesis of the ceramide molecule from the sphingosine and the fatty acid takes place in the cytosolic aspects of the endoplasmic reticulum membranes by ceramide synthases (CerS1-6) (Rizzo et al., 2021). The synthesis of the oligosaccharide part of Gb3 takes place in the Golgi apparatus (Budani et al., 2021; Rizzo et al., 2021) and is constituted firstly by the synthesis of a glucosylceramide (GlcCer) produced by the enzyme glucosylceramide synthase (GCS), which catalyzes the binding of a glucose molecule to a ceramide; next, the enzyme β-1,4 galactosyltransferase 5 (β4Gal-T5) binds one molecule of galactose to form lactosylceramide (LacCer); in a third and final reaction, the enzyme lactosylceramide α-1,4-galactosyltransferase (Gb3 synthase) catalyzes the addition of α-1,4 galactose to LacCer (galactose β-1,4 glucose 1-1′ Cer) to produce Gb3 (galactose α-1,4 galactose β-1,4 glucose 1,1′ Cer) (Kojima et al., 2000; Okuda and Nakayama, 2008; Budani et al., 2021; Rizzo et al., 2021). Another enzyme, isoglobotriaosylceramide synthase, can produce polygalactosylated species (Galn-Gb3) by adding α-1,3 galactose residues to Gb3 (Miller et al., 2018). This enzyme also has the ability to act on two further substrates, isoGb3 and LacCer (Keusch et al., 2000).
For Gb3 synthesis, the newly formed ceramide reaches the cis Golgi cisternal through membrane transport, where the cytoplasmic enzyme GCS produces GlcCer in the Golgi cytoplasmic leaflet. Although the translocation of GlcCer to the luminal leaflet and trans Golgi cisternal has not been fully characterized, some studies have reported two possible transport routes: non-vesicular transport and vesicular transport. In non-vesicular trafficking, cytosolic GlcCer is transported by the phosphoinositol-four phosphate adapter protein 2 (FAPP2) from the cis Golgi to trans Golgi and then translocated by an ATP-dependent GlcCer flippase to the luminal leaflet, where the other steps for Gb3 synthesis take place. On the other hand, in vesicular transport (which has been proposed for the synthesis of GSLs of the ganglio-series), the newly synthesized GlcCer in the Golgi luminal leaflet is translocated to the luminal leaflet by an ATP-dependent flippase and delivered to trans Golgi via vesicular transport. Regardless of the route taken (vesicular or non-vesicular), once GlcCer reaches the luminal side of the trans Golgi membrane, it becomes the substrate of β4Gal-T5 with the formation of LacCer, a precursor for the synthesis of globo-, ganglio-, lacto- and neolacto-series of GSLs (Budani et al., 2021; Rizzo et al., 2021).
Other proteins responsible for GlcCer transport through cis-trans Golgi are members of the glycolipid transfer protein superfamily (GLTP). Although GLTP is considered homologous to FAPP2, its transport route remains mostly unknown. However, in vitro studies have shown that the synthesis of GLSs is affected by a reduction in FAPP2 but, surprisingly, not affected by a reduction in GLTP (Kjellberg and Mattjus, 2013).
Contrary to what occurs in the synthesis of protein, RNA and DNA, the synthesis of GSLs proceeds in a template-independent manner and only depends on the order in which glycosyltransferases add specific monosaccharide residues to the growing glycan chain in the ceramide molecule through competing reactions taking place in the cisternae of the Golgi apparatus (D'Angelo et al., 2013). Each of the Golgi cisternae (cis to trans) contains different glycosyltransferases acting sequentially in the synthesis of the different GSLs. Therefore, the intra-Golgi distribution of each glycosyltransferase determines the composition of the glycan chain and the type of GSL synthesized (Papanikou and Glick, 2014). Therefore, the mechanism controlling intra-Golgi transport and the final position of GSL synthetic enzymes are key determinants of the final GSL produced by each cell (Palm, 2021).
GOLPH3 and GRASP55 are some of the proteins responsible for such mechanism. GOLPH3 recognizes Golgi-resident enzymes and mediates their sorting into coat complex protein I (COPI) vesicles for retrograde transport, thus producing the recycling of enzymes in each cisterna. In other words, GOLPH3 works as a COPI adapter while recognizing specific domains of glycosylation enzymes present in the Golgi such as LCS. Thus, by changing GOLPH3 levels, cells can adjust the fraction of enzymes retained in the Golgi and not sent to lysosomal degradation (Palm, 2021; Rizzo et al., 2021). Otherwise, Golgi matrix protein GRASP55 prevents the retrograde transport of glycosyltransferases, retaining these enzymes in the trans Golgi. Therefore, a balance between the actions of GOLPH3 and GRASP55 determines the localization and levels of intra-Golgi glycosyltransferases (Pothukuchi et al., 2021).
Several other proteins whose roles remain to be elucidated are responsible for the intra-Golgi transport of GSL synthetic enzymes. Although a detailed discussion of all known processes and proteins responsible for this mechanism is beyond the scope of the present review, it is worth mentioning that the transmembrane protein 165 (TMEM165), the transmembrane 9 superfamily member 2 (TM9SF2) and LAPTM4A proteins localized within the Golgi apparatus modulate the activity, localization, and transport of GSL biosynthetic factors, including Gb3 (Pacheco et al., 2018; Tian et al., 2018; Yamaji et al., 2019).
Conversely, Gb3 degradation occurs in lysosomes and proceeds in four steps by the action of acid hydrolases which consecutively eliminate each of the carbohydrate residues from Gb3. The process ends with the elimination of the fatty acid chain from the ceramide, thus producing three free hexoses, a free chain of free fatty acids, as well as a sphingosine. More specifically, the four steps take place as follows: 1) an α-galactosidase A (α-Gal) removes the terminal α-galactose residues from Gb3 to remain as LacCer; 2) the GalCer-β-galactosidase (GALC) removes the remain terminal β-galactose residue from LacCer to yield GlcCer; and 3) the GlcCer-β-glucosidase (GlcCer’ase) removes the remain terminal glucose from the ceramide. Finally, 4) an acid ceramidase (AC) removes the fatty acid chain from the ceramide to form sphingosine (Miller et al., 2018; Breiden and Sandhoff, 2019). Deficiencies in the enzymes responsible for degradation lead to diseases such as Fabry, Gaucher, Sandhoffand, and Tay Sach, which are characterized by the lysosomal accumulation of GSLs, including Gb3, in different cell types (Abe et al., 2000; McEachern et al., 2007).
Several studies have indicated that the use of specific inhibitors of GSL synthesis could mitigate the pathological phenotype. The group led by J Müthing used a ceramide analog, D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (D-PDMP), as an inhibitor of GLS biosynthesis. D-PDMP is frequently used to study GSLs in biological processes such as cell signaling, cell growth, and cell differentiation, as well as in studies of protein-carbohydrate interactions and host bacteria (Abe et al., 2000; Shayman et al., 2000; Legros et al., 2017b). D-PDMP treatments in kidney proximal tubular cells and human glomerular endothelial cells (HGECs) revealed a decrease in GLS synthesis not only from GlcCer and Lc2Cer but also from Gb3 and Gb4 (Legros et al., 2017b; Sanchez et al., 2021). Silberstein et al. (2011) have shown that C-9 (Genzyme, Waltham, MA) is a specific inhibitor of GCS which reduces the synthesis of Gb3 and could therefore be used as a therapeutic agent for the diseases mentioned above. In addition, the cytotoxic effects of Stx are mitigated by this inhibitor in primary cultures of human renal tubular epithelium cells (HRTEC), which makes it a potential treatment for patients with HUS (Silberstein et al., 2011). Moreover, Sanchez et al. (2021) have observed that Eliglustat (EG), a potent and selective inhibitor of GCS, provides protection against the action of Stx on cell proliferation and apoptosis/necrosis mechanisms in both HRTEC and the human proximal tubule cell line HK2. Although both EG and C-9 could be used to prevent human kidney damage caused by Stx, EG requires a lower dose and incubation time to inhibit Gb3 expression and achieve total protection against Stx in vitro. Worth highlighting, EG has been recently approved by the National Administration of Medicines, Food and Medical Devices (ANMAT) of Argentina to be used in oral treatment for adults with Gaucher disease (Sanchez et al., 2021).
Extensive evidence shows that GSL synthesis could be regulated by cytokines such as IFNα, TNFα and IL-1: IFNα increases the expression of genes involved in Gb3 regulation, which results in unbalanced accumulation. For instance, IFNα induces GCS gene expression, increasing LacCer and GlcCer Gb3 precursors (Tan et al., 2018). Moon et al. (2005) observed that during the development of HUS, TNFα and IL-1 expressions are induced by Stx in association with LPS, damaging endothelial and intestinal epithelial cells. In vitro studies performed on human HT29 colon epithelial cells have shown that TNFα increases the synthesis of Gb3 through GCS, and upregulates Beta4Gal-T5 and Gb3 through NF-kappaB signaling in mitogen-activated protein kinase (p38, JNK 1/2 and ERK 1/2)-induced cascades (Moon et al., 2005).
3 GB3 LOCALIZATION
Gb3 is present on the cell membrane of a wide variety of mammalian tissue cells. Its expression levels have been associated with pathological or physiological states, depending on whether its canonical ligand Stx participates or not. Furthermore, as with other glycosphingolipids, the presence and quantity of Gb3 on the membrane of blood cells has been used as an indicator of cell maturation state and lineage. This section will discuss the different cell types that express Gb3 and the associated findings (Table 2).
TABLE 2 | Overview of Gb3 allocation and its physiological and/or pathological functional alternatives.
[image: Table 2]3.1 In Vivo Gb3 Localization
The expression and localization of Gb3 may vary across different species, which calls for caution in translating experimental conclusions from animal models to humans. Gb3 is expressed in the glomerular endothelium, podocytes, tubular epithelia, and mesangial cells in the human kidney, but it is only expressed in the proximal tubular epithelium in mice (Silberstein et al., 2011; Morace et al., 2019). Renal expression of Gb3 in rats and rabbits makes them suitable models of STEC infection to study kidney lesions similar to those caused during HUS in humans (Garcia et al., 2006; Silberstein et al., 2011).
In the gut, the presence of Gb3 has been described in rabbit intestinal microvillus membrane (MVM), as shown using radioactively labeled Stx in ligated intestinal loops. In these experiments, Gb3 was identified as the receptor of Stx in the MVM. Furthermore, this receptor increases after 16 days of life in rabbits, thus increasing cytotoxicity in the MVM model (Mobassaleh et al., 1988).
In the peripheral nervous system (PNS) and the central nervous system (CNS), it is noteworthy that Gb3 expression varies in neural cells both across species and depending on whether it is induced by Stx or not. In the PNS, Gb3 has been found in human and rabbit dorsal root ganglia (DRG) neurons and endothelial cells, whereas it is exclusively localized in neurons in mice and rats (Obata, 2010). In turn, in the CNS, Gb3 has been detected in neurons and endothelial cells of human cadavers, but in murines it was only detected in neurons (Obata, 2010). Localization discrepancies have also been reported: Okuda et al. (2006) postulate Gb3 expression in murine endothelial cells and not in neurons (Okuda et al., 2006); in contrast, Kolling et al. (2008), who observed Gb3 in murine neurons and not in endothelial cells, argue that differences may respond to tissue fixation procedures. In other words, Okuda and collaborators used immersion fixation, which produces false positive immunolabeling, while Kolling et al. carried out perfusion fixation (Kolling et al., 2008).
The expression of Gb3 has been detected in rabbit brain endothelial cells with no Stx induction through direct immunofluorescence using a Gb3 antibody (Ren et al., 1999; Utsunomiya et al., 2001; Takahashi et al., 2008). Although Gb3 has also been immunodetected in endothelial cells upon Stx induction using an antibody against Stx, which in turn binds the Gb3 receptor (Richardson et al., 1992; Fujii et al., 1996; Mizuguchi et al., 1996), this indirect method seems less accurate than direct Gb3 receptor detection. In addition, non-Stx-induced Gb3 has been observed in humans and mice (Ren et al., 1999; Nishikawa et al., 2002), while Stx-induced Gb3 has been reported in mice through the use of frozen sections fixed with ice-cold acetone (Okuda et al., 2006).
Gb3 expression has been found in brain neurons of rats both treated and non-treated with Stx, fixed by perfusion and subjected to anti-Gb3 immunodetection (Tironi-Farinati et al., 2010). In mice, immunodetection has been obtained by immunoelectron microscopy using an indirect method with an anti-Stx2 antibody in Stx-treated animals (Fujii et al., 1994), in formalin-fixed brains indirectly immunodetected with an anti-Stx antibody (Obata et al., 2008), and in non-treated brains fixed by perfusion (Obata et al., 2008; Obata and Obrig, 2010).
The relevance of pro-inflammatory cytokines in CNS damage initiated by Stx2 has been demonstrated in rabbits, where microglial activation and overexpression of TNFα are associated with the expression of Gb3 in the endothelium (Takahashi et al., 2008). However, the presence of Gb3 in the brain is not exclusive to endothelial cells. Obata. (2010) and Tironi-Farinati et al. (2010) have shown the neuronal presence of this receptor in mice and rats, respectively (Obata, 2010; Tironi-Farinati et al., 2010). Furthermore, Tironi-Farinati et al. (2010) have shown increased Stx2 receptor expression for the first time in neurons of the striatum, hippocampus and cortex, and in reactive astrocytic processes surrounding neurons (Tironi-Farinati et al., 2010). Later on, the induction of Gb3 by Stx2 was demonstrated in a murine model. Results showed that anti-inflammatory compounds like dexamethasone reduce Gb3 expression in neurons, highlighting the pivotal role of inflammation processes in encephalopathy produced by STEC (Pinto et al., 2013; Pinto et al., 2017). The Gb3 receptor has also been reported in organs other than kidney and brain, for instance, in the lung epithelium and vasculature of patients suffering from HUS (Uchida et al., 1999).
3.2 In Vitro Gb3 Localization
Regarding the CNS, Gb3 has been found in brain microvascular endothelial culture cells (HBEC), which are death-sensitive following Stx incubation (Ergonul et al., 2003; Takahashi et al., 2008). Accordingly, pro-inflammatory cytokines such as TNFα and/or IL-1β markedly increase the content of Gb3 and the capacity of Stx binding in HBEC, which results in apoptotic cell death.
Gb3 expression has also been reported through immunohistochemistry in astrocyte cultures obtained from human fetal brain tissue. Incubation with IL-1β increased Gb3 expression as well as Gb3 synthase, involved in Gb3 synthesis. However, micrographs showing Gb3 immunohistochemistry were captured in low magnification and no quantification or corresponding controls were carried out, which makes Gb3 expression in these astrocyte cultures uncertain (Kioka et al., 2012).
The presence of Gb3 has also been reported in cultures of primary fetal mouse astrocytes. In this case, Gb3 expression was immunodetected on the cell surface and varied according to the state of the cell cycle, peaking at G2 and metaphase phases. Although these findings may hint at Gb3 involvement in the tuning of cell growth and differentiation, the study was carried out using Stx as a Gb3 ligand, which renders indirect determination of Gb3 and fails to rule out Stx binding to other non-canonical receptors (Majoul et al., 2002).
In rat microglial primary cultures, Stx2 is incorporated through Gb3-dependent and independent pathways. Recent work by Berdasco et al. (2019) confirmed the presence of Gb3 in microglia primary cultures and showed that these cells have context-specific reactions to Stx2 which included either a fever condition or the presence of endotoxin upon treatment with Stx2. The metabolic and functional states, as well as the subcellular distribution and expression of Gb3, vary according to the context, promoting the expression of pro-inflammatory cytokines and microglial phagocytic capacity (Berdasco et al., 2019). In addition, in Vero, Burkitt’s lymphoma, Caco-2 and Hep-2 cell lines, the binding of Stx to Gb3 induces cytotoxic effects by inhibiting protein synthesis and inducing apoptosis and necrosis (Karpman et al., 1998; Jones et al., 2000; Silberstein et al., 2011).
3.2.1 Gb3 in Hematopoietic Cells
Due to their immunogenicity, GSLs have been used to differentiate human cell lines and establish differentiation stages. In particular, Kniep et al. (1985) used them to identify the stages of myeloid cell differentiation and reported that GSLs of the globo-series are characteristic of the monocytic lineage, with Gb3 and Gb4 expression increasing as monocytic precursors mature (Kniep et al., 1985).
Gb3, isoGb3 and Gb4 have also been identified as some of the most abundant molecules in dendritic cells differentiated in vitro from mouse bone marrow progenitor cells. Furthermore, evidence suggests that isoGb3 from these cells may act as an activator of NKT cells (Li et al., 2009).
Gb3 has been reported as one of the major GLSs in human blood platelets (Cooling et al., 1998). The presence of this GLS on the membrane derives from its expression in megakaryocytes, which subsequently fragment to give platelets (Furukawa et al., 2002).
Mouse bone marrow cells can also differentiate into mast cells in vitro and exhibit GSLs of the globoside family on their membrane. In a state of activation, these globosides increase their concentration due to exocytosis by globoside-rich granulocytes (Katz et al., 1985).
In human erythrocytes, glycolipids are antigenic determinants in different blood group phenotypes. These glycolipids are chemically based on the sequence Galα4Gal and comprise a system of P antigens (i.e., PK and LKE) and five phenotypes (i.e., P1, P2, P1K, P2K, p) (Naiki and Kato, 1979). The PK antigen is found in small amounts in red blood cells from individuals with the P1 and P2 phenotypes but enriched in the P1k and P2k phenotypes (Yang et al., 1994).
The presence of Gb3 in lymphocytes has been described by Stein since the early 1970s. This work reports a larger proportion of Gb3 in human lymphocytes from the tonsilla than in peripheral blood or thymic lymphocytes (Stein and Marcus, 1977). Moreover, Kiguchi et al. (1990) have shown that, within the human leukocyte lineage (lymphocytes, monocytes and granulocytes), 4% triacyl glycolipids correspond to Gb3 expressed only in lymphocyte membranes (Kiguchi et al., 1990). Further studies have shown only traces of Gb3 in peripheral blood lymphocytes and thymocytes (Schwartz-Albiez et al., 1990). Later, Madassery et al. (1991) showed a more prominent presence of Gb3 in activated murine and human lymphocyte extracts in vitro (Madassery et al., 1991). Altogether, these studies conclude that Gb3 is mainly present in B lymphocytes and that its expression is associated with the degree of activation in the germinal centers.
4 PHYSIOLOGICAL FUNCTION OF GB3
Changes in GSLs composition patterns are critical in neural differentiation. It has been previously determined that human embryonic stem cells rich in the globo-series GSLs differentiate into neural cells rich in ganglio-series (Liang et al., 2010, 2011). Later, Gb3 was shown to specifically inhibit the expression of neural markers in murine embryonic stem cells, which then failed to differentiate into either neural or glial populations (Russo et al., 2018). Gb3 reduces upregulated GM3S (GM3 synthase, a key regulator of ganglioside GSL production), which indicates that globo-series GSLs prevent neural differentiation. Specifically, Gb3 negatively regulates the expression of the autism susceptibility gene AUTS2, a master epigenetic modulator of neuronal differentiation. AUTS2 binds the GM3S promoter site involved in the expression GM3S, causing the switch to the ganglio-series GSL expression and allowing neuronal differentiation. Therefore, a globo-AUTS2 axis may be thought to control the expression of genes involved in neurogenesis, a relevant finding given that mutations in AUTS2 and GM3S genes provoke severe clinical neural defects (Beunders et al., 2013).
It was long thought that Gb3 was specifically expressed by germinal center B cells undergoing apoptosis. At first, this was hypothesized as a mechanism for the elimination of cells which did not produce high-affinity antibodies during antigen-driven selection in the germinal center of secondary lymphatic organs (Mangeney et al., 1991). However, it was later suggested that Gb3 was expressed in a germinal center B cell subset engaged in the somatic hypermutation of immunoglobulin (Ig) genes called centroblasts (IgD-/CD38+/CD77+), and that these cells did not undergo apoptosis (Pascual et al., 1994). CD77 was then used to discriminate between two germinal center B cell subsets, centroblasts (IgD-/CD38+/CD77+) and centrocytes (IgD-/CD38+/CD77-), the latter engaged in Ig class switch recombination processes. More recently, it was observed that these two groups of B cells, which initially differentiate through the presence or absence of Gb3, show an equally active DNA repair program, as well as components involved in somatic hypermutation and Ig class switch recombination. Therefore, the discrimination of centroblasts and centrocytes by the expression of Gb3 and the role of Gb3 in the induction of apoptosis remain controversial (Klein et al., 2003; Hogerkorp and Borrebaeck, 2006).
A similar finding regarding the expression of Gb3 by germinal center B cells undergoing apoptosis was obtained in human umbilical vein endothelial cells (HUVECs) (Molostvov et al., 2001), which were found to express almost undetectable levels of Gb3. However, a direct relationship was observed between the expression of Gb3 and apoptosis in these cells. Interestingly, apoptosis was independent of the action of Stx, as HUVEC incubation with a combination of TNFα and IFNγ or endothelial cell growth factor (ECGF) deprivation produced a significant increase in Gb3 expression accompanied by apoptosis. Nevertheless, it is still unclear whether the expression of Gb3 is necessary for or is the direct cause of apoptosis. Moreover, the association between Gb3 expression and apoptosis in germinal center B cells and HUVECs may be thought of as two distinct phenomena having no correlation. Alternatively, paracrine production of an unknown Gb3 ligand may be responsible for triggering apoptosis in these cells.
The quality and strength of the signal transduced through the B-cell antigen receptor (BCR) can be significantly modulated by co-receptor molecules such as CD19, a B cell transmembrane glycoprotein and a member of the Ig superfamily (Del Nagro et al., 2005). In mature B cells, CD19 forms a multimolecular signal transduction complex with CD21, CD81, and Leu-13 (Tedder et al., 1994). The extracellular domain of CD19 has an extensive sequence similarity to StxB subunit (see Section 5.1), with a potential site of Gb3 interaction. Burkitt’s lymphoma-derived cells–an experimental model of B cells from the germinal center–bind matrices containing terminal Gb3 galactose α-1,4 galactose through CD19. This binding is blocked by matrix pretreatment with StxB, anti-Gb3 monoclonal antibody (mAb), or anti-CD19 mAb. As expected, these cells also present homotypic adhesion mediated by the binding of CD19 to Gb3 molecules on adjacent cells, in a manner analogous to Burkitt’s lymphoma-derived cells CD19/matrix Gb3 binding (Maloney and Lingwood, 1994).
In contrast, Gb3-deficient mutant cells with low surface expression of CD19 neither present homotypic adhesion nor bind matrices containing terminal Gb3 galactose α-1,4 galactose. However, these cells do exhibit conserved expression of other B cell markers such as CD10, CD20, HLA-DR, and IgM, which suggests that Gb3 expression influences the surface expression of CD19. It has been postulated that CD19 and Gb3 associate on the B cell surface, and that Gb3 could thus be considered a component of the CD19 complex in Burkitt’s lymphoma and germinal center B cells, together with other proteins such as CD21 and TAPA-1. It is possible that the presence of Gb3 changes the conformation of CD19, thereby causing an increase in antibody recognition (Maloney and Lingwood, 1994).
Gb3 was also found to be important for the FAS receptor-ligand system (Chakrabandhu et al., 2008), one of the main mechanisms to eliminate germ-infected cells and to control autoimmune disease and certain malignancies (Fas et al., 2006). The cell surface-bound receptor FAS belongs to the TNF receptor family containing an intra-cellular death domain which triggers apoptosis (Yamada et al., 2017). Its physiological ligand, FASL, is a member of the corresponding TNF cytokine family expressed on the surface of classical CD8+ cytotoxic T cells, as well as natural killer T cells. However, FAS internalization is a requisite for the activation of apoptotic pathways, whereas its non-internalization results in the activation of nonapoptotic signaling pathways leading to proliferative Erk and NF-kappaB signaling (Lee et al., 2006). FAS has a conserved extracellular Gb3 binding motif—it also interacts strongly with lactosylceramide and weakly with disialoganglioside GD3 and Gb4—which regulates its internalization route and consequently leads to clathrin-mediated FAS internalization and the subsequent transduction of cell death signals. Therefore, the presence of Gb3 interacting with the conserved extracellular Gb3 binding motif is essential for the activation of the FAS apoptotic pathway (Chakrabandhu et al., 2008).
Another protection mechanism capable of inducing an antiviral state in both virus-infected and uninfected cells, and in which Gb3 was found to be relevant, is the type I interferon (INF) system (Yan and Chen, 2012). The type I INF family is a multi-gene cytokine family in which INFα and β are the best-defined and most broadly expressed type I IFNs (Pestka et al., 2004). Almost all body cells can produce and respond to IFNα/β, and its expression occurs in response to the stimulation of pattern recognition receptors by microbial products (McNab et al., 2015). However, even if IFNα2 can bind to its receptor in many cell types (Lau et al., 1986), ability to respond to this cytokine is limited to few cell types in vitro (Hannigan et al., 1984). IFNα2-responding cells are also interestingly sensitive to the deleterious effects of Stx (Cohen et al., 1987). It was first observed that transformed ganglioside-deficient mouse cell lines were relatively insensitive to INFα action (Vengris et al., 1976). It was later shown using the Daudi lymphoma cell line, which is highly susceptible to Stx cytotoxicity and INFα2 action, that mutant cells which did not express Gb3 were highly resistant to INFa2 antiviral action, although INFa2 produced growth inhibition (Cohen et al., 1987).
Type 1 IFN receptor (IFNAR) is a heterodimeric transmembrane receptor composed of subunits IFNAR1 and IFNAR2. Canonically, when type I INF binds to IFNAR, it activates the receptor-associated protein tyrosine kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). This event leads to the phosphorylation of the latent cytoplasmic transcription factor signal transducer and activator of transcription 1 (STAT1) and STAT2, which results in the expression of different genes in a cell type- and context-dependent manner (Ivashkiv and Donlin, 2014). Surface expression of IFNAR1 is not Gb3-dependent, although lateral association between Gb3 and IFNAR1 is required for IFNAR1-mediated signal transduction and antiviral activity (Khine and Lingwood, 2000). A comparison between the amino acid sequences of IFNAR1 and Stx shows three closely spaced regions of similarity between the B-subunit of Stx and the IFNα2 receptor, which suggests that these similar sequences may lead to specific interaction between Gb3 and IFNAR within the plasma membrane. This interaction may in turn result in the allosteric generation of the higher-affinity α2-interferon-binding site, which has been implicated in the mediation of this cytokine biological activity (Lingwood and Yiu, 1992). Furthermore, the length of the chain fatty acid from Gb3 isoforms is also relevant for this interaction and subsequent receptor internalization. Cells with predominantly long chain fatty acid Gb3 isoforms are more sensitive to IFNα2-mediated antiviral activity than cells with predominantly short chain fatty acid Gb3 isoforms and receptor internalization in the Golgi apparatus. Conversely, short chain fatty acid Gb3 isoforms are more sensitive to IFNα2-mediated inhibition of proliferation and show receptor internalization in the endoplasmic reticulum/nucleus (Arab and Lingwood, 1998; Khine and Lingwood, 2000).
A StxB-like amino acid sequence has also been described in the beta-chain of human and murine human leukocyte antigen (HLA) and major histocompatibility complex (MHC) class II molecules, respectively, which indicates that this sequence has a potential site of Gb3 interaction with these two analogous molecules (George et al., 2001). B cells, along with dendritic cells and macrophages, are considered professional antigen-presenting cells, as they all express MHC class II molecules and may thus present exogenous antigens to T CD4+ cells. Besides expressing MHC class II molecules, these three professional antigen-presenting cells also express Gb3 (Mangeney et al., 1991; Ramegowda and Tesh, 1996; Lee et al., 1998). It has been suggested that Gb3 binding in this site could modulate the peptide-binding properties of these MHC class II molecules. Furthermore, the presence of Gb3 in professional antigen-presenting cells also seems to modulate HLA expression, as Burkitt’s lymphoma-derived cells exhibit higher levels of HLA than Gb3-deficient mutant cells. However, surface expression of HLA is not regulated by Gb3, as evidenced by equivalent levels of HLA in Gb3-expressing and Gb3-deficient cells (George et al., 2001).
However, it is not yet clear whether all these proposed immunological functions of Gb3, which were observed in in vitro models, are truly relevant to or correlate with real in vivo immunological functions. Phase 1 pharmacokinetics, safety, and tolerability studies of two clinically approved and used drugs for the treatment of Fabry and Gaucher disease, Eliglustat and Miglustat, are both inhibitors of GCS and have shown no adverse immunological effects (Maegawa et al., 2009; Peterschmitt et al., 2011), which is in keeping with the results described above. This suggests that there may be no correlation between in vitro and in vivo findings on Gb3 in the action of CD19, HLA, FAS and type I IFN system, or else that still unknown compensatory mechanisms may offset the absence of Gb3.
At variance, a relevant function of Gb3 has been recently found in kidney proximal tubular epithelial cells (Morace et al., 2019). Using a Gb3 deficiency murine model (knockout of Gb3-synthase), this study showed that Gb3-deficient mice had a significant increase in urinary albumin and low molecular weight protein, which indicates that Gb3 plays a relevant role in albumin reabsorption and low molecular weight protein filtering into primary urine. However, this action seems to be related to the presence of Gb3 in lipid rafts and, therefore, to membrane stability in epithelial cells of the proximal tubules, rather than to a direct participation of Gb3 as a receptor in a ligand-receptor-type mechanism.
4.1 Gb3-Bound Ligands
Before considering Gb3-binding ligands, it is worth briefly revisiting GSL structure, in which a ceramide (Merrill, 2011) is the basic lipid backbone. Glycosidic linkages attach monosaccharides or oligosaccharide chains, determining monoglycosylceramides and oligoglycosylceramides, respectively. Globoceramides (Gb) are examples of neutral oligoglycosylceramides, while gangliosides are examples of acidic oligoglycosylceramides. Their structural features allow GSLs to spontaneously form lipid rafts in biological membranes (Prinetti et al., 2009; Lingwood and Simons, 2010; Honigmann and Pralle, 2016) and thus significantly influence their topological aspects. This lipid microdomain (LiMd) concept, coupled with the idea that biological functions are also coded by cell surface glycan structures, may promote a wider knowledge of cell biology, physiological (see Section 6.2) as well as pathological.
GSLs canonical role as pathogen (Karlsson, 1989; Matrosovich et al., 2015) and bacterial toxin (Fantini et al., 2000; Binz and Rummel, 2009; Schuller, 2011; Muanprasat and Chatsudthipong, 2013; Legros et al., 2017a) binding sites on the outer cell membrane leaflet have been reported, and these attachments have been shown to trigger a lipid-raft-mediated endocytic degradation pathway (Ewers and Helenius, 2011). Many in vitro studies have proven that different Gb3 ligands could trigger apoptotic signals in two different ways, i.e., a caspase-dependent manner and a ROS-dependent one. Stx1-induced apoptosis involves caspase activation. Moreover, it has been postulated that Stx1-induced apoptosis in Burkitt’s lymphoma cells proceeds through the ubiquitin–proteasome pathway triggered by caspase-8 inhibitory molecule (c-FLIPL) degradation (Devenica et al., 2011). Anti-Gb3 antibody induces the ROS-dependent pathway, and this oxidative stress seems to mediate cell death mainly due to 1) cleavage and activation of the pro-apoptotic Bcl-2 family member Bid, and 2) Bax relocalization to mitochondrial membranes, which leads to cytochrome c release (Devenica et al., 2011). Studies conducted on THP1 myelogenous leukemia and epithelial cell lines have shown how Stx induces an apoptotic pathway dependent on both caspases and ROS production (Lee et al., 2008). Researchers found out that apoptosis in endothelial cells occurs due to toxin inhibition of Mcl-1 expression, an anti-apoptotic member of the Bcl-2 family (Erwert et al., 2003). Interestingly, in HeLa cells, Stx induces apoptosis via an extrinsic pathway through the activation of caspase-8, 6 and 3 (Fujii et al., 2003).
Despite the evidence of Gb3 activation of apoptotic pathways discussed above, no direct endogenous ligands have been found so far. Conceivably, in vivo physiological ligand identification may remain elusive because they are shared by multiple pathways, e.g., cytokines, or to the extent of cell-cell communication type, paracrine or juxtacrine cell signaling. Likewise, other molecular interactions rather than ligand-receptor mechanisms may need to be set in motion.
LiMd role in transmembrane signaling has been reported (Simons and Toomre, 2000; Suzuki, 2015), with its importance being worth the neologism “glycosynapse” (Regina Todeschini and Hakomori, 2008). Glycosynapse types have been singled out with regard to the interacting components: a LiMd ligand-binding interaction and a direct or reticulated interplay between oligosaccharides belonging to the LiMd cluster and neighboring protean receptor or integrins N-glycan chains (Kopitz, 2017). Altogether, these mechanisms seem to be more related to overall membrane stability, where LiMd could act as a molecular platform which actively organizes either signal molecules or signal interaction assemblies (Brown, 2002; Helms and Zurzolo, 2004; Gupta and Surolia, 2010; Levental and Veatch, 2016).
5 PATHOLOGICAL FUNCTION OF GB3
5.1 Importance of Gb3 as a Transport Toxin Receptor in Microvesicles and Exosomes
It has been established through in vitro experiments that the Stx family binds to the Gb3 receptor on the cell membrane surface through its B subunit, causing clathrin-dependent or independent endocytosis which evades the lysosomal degradation pathway. Endosomes containing Stx-Gb3 are retrogradely transported through the Golgi complex to the endoplasmic reticulum, where the Stx subunit cleavage occurs. The A subunit translocates to the cytosol, where it inactivates the ribosome capacity of protein synthesis by its N-glycosidase activity, triggering cell stress and apoptosis (Goldstein et al., 2021).
A novel mechanism through which a cell can evade its toxic content, presumably to prevent a host response, consists in the uptake and kidnapping of Stx by microvesicles through the B subunit that binds to the Gb3 receptor, which requires StxB binding to Gb3 in microvesicles (Willysson et al., 2020). To this end, the toxin translocates from its external location in the microvesicle to its interior. If Stx is localized in the outer membrane, it can be recognized by phagocytes and trigger a host response, which will not occur in the inner area. In HeLa cells, microvesicles have been found to release Stx without ever having passed through the retrograde transport pathway to the ribosomes. Indeed, release may take place even before retrograde transport occurs. It has been observed in patients and mice that cells such as red blood cells can be activated without inducing cytotoxicity or releasing the toxin in microvesicles to be discharged into kidney cells bearing Gb3, thus causing kidney failure (Stahl et al., 2015). Therefore, this mechanism by which the binding or transport of Stx occurs in microvesicles can be protective for donor cells but cytotoxic for recipient ones.
It has been shown that Stxs can be transported in the bloodstream by exosomes–originating from endosomes, as opposed to microvesicles, which originate from Gb3-containing plasma membrane detachments–from D-THP-1, a cell line similar to human macrophages. Accordingly, Stx2 has been found in exosomes from D-THP-1 cells in the endoplasmic reticulum of the human proximal tubule epithelial cell line HK-2 as target cells. Gb3 inhibition in turn reduced exosome uptake into HK-2 cells, which suggests that exosomes derived from D-THP-1 cells are transferred to recipient cells in a Gb3-dependent manner. These Stx2-bearing exosomes caused the phosphorylation of stress-related mitogen-activated protein kinases and cell death by apoptosis, which indicates that the cytotoxicity induced by the exosomes depends on the expression of Gb3 by target cells and also on toxin enzymatic activity. Exosomes were also found to carry pro-inflammatory cytokine mRNAs that could be translated into the recipient cells, which reveals that exosomes heightened Stx2 cytotoxic effects. These data suggest that blocking exosome biogenesis could represent a new therapeutic strategy for the treatment of patients with HUS (Lee et al., 2020).
Given that Stx2-positive microvesicles were reported to be taken up in the murine glomerular endothelium in an EHEC infection model (Stahl et al., 2015), and that mouse glomerular endothelial cells lack Gb3 expression (Psotka et al., 2009), further work provided evidence for microvesicle-mediated Stx2 uptake in cells bearing or lacking endogenous Gb3 (CHO, HeLa or DLD-1). Studies were then conducted to establish whether the presence of Gb3 in microvesicles can single-handedly induce toxin-mediated cellular injury or whether the recipient cell must also express the Gb3 receptor for this to occur. Results show that microvesicles bearing Stx2 lowered metabolism in Gb3-positive cells but not in Gb3-negative ones, which indicates the importance of this receptor in affecting protein synthesis inhibition induced by Gb3-positive Stx2-bearing microvesicles in recipient cells by the same retrograde route as free Stx2 (Johansson et al., 2020). Non-Gb3-expressing cells managed to capture the microvesicles bearing Stx2 but were not susceptible to cytotoxicity. Therefore, endogenous Gb3 seems to be an essential condition for Stx2 contained in microvesicles to be taken up and induce protein inhibition and apoptosis.
5.2 Gb3 and Cancer
Human tumor cell types expressing Gb3 include human hematopoietic tumor cell lines, Epstein Barr virus-transformed B cell lines (Furukawa et al., 2002), human cervical cancer (Shin et al., 2009), meningiomas (Salhia et al., 2002) and astrocytoma cell lines (Arab et al., 1998). As these cells have shown significant sensitivity to Stx leading to apoptosis, research has been oriented to employing this toxin as a potential antineoplastic drug. However, a linear correlation between Gb3 expression and Stx cytotoxic sensitivity has not been conclusively established. For instance, astrocytoma SF539 cells show 10 times higher levels of Gb3 expression than U251MG cells but equivalent sensitivity to Stx, while XF498 cells are significantly less sensitive to Stx than U251MG cells while showing 7 times higher Gb3 expression (Arab et al., 1998). This finding could be explained by the fact that, although Gb3 is important for Stx cytotoxic effects, the state of the cell cycle phase seems to be as relevant as absolute Gb3 expression. While total content of Gb3 in Vero cells does not change over the course of the cell cycle, cell surface exposure to Gb3 peaks between the G1 and S phases. This is why Vero cells are 30 times more resistant to Stx in the G0 stationary phase than in cell growth ones, as G1/S is the phase of maximal sensitivity to Stx (Pudymaitis and Lingwood, 1992). This effect may be due to glycolipid membrane distribution and, consequently, the ability to interact with specific molecules (Grant, 1984). In summary, the cryptic nature of Gb3 must be taken into account as a determinant of sensitivity to Stx (Wiels et al., 1984).
The effectiveness of Stx has been assessed following intratumor injection in different tumor xenograft mouse models, which yielded total tumor regression with no apparent adverse effects (Arab et al., 1999; Salhia et al., 2002; Ishitoya et al., 2004; Johansson et al., 2006). In the renal carcinoma cell line AHN, complete tumor regression up to 200 mm3 size was observed within 7 days of treatment, and no tumor regrowth was observed after 1 month (Ishitoya et al., 2004). The mechanism underlying tumor regression was the induction of apoptosis, as observed in mouse astrocytoma and stromal blood vessel xenografts (Arab et al., 1999). It is unclear whether blood vessel apoptosis was induced directly by Stx binding to Gb3, by an antiangiogenic effect, by elements released by apoptotic astrocytoma cells or a combination of these mechanisms. Nevertheless, Stx was detected in blood vessels from astrocytoma and other tumors (Arab et al., 1997; Arab et al., 1999), which means that blood vessels from tumor stroma may express Gb3 even if Gb3 expression has not been reported yet (Arab et al., 1999).
Although still elusive in stromal blood vessels of gliomas, Gb3 is certainly expressed in the endothelium and in the media tunica of small arteries and arterioles from tumor cells of Gb3-positive primary human breast cancer biopsies. However, no apparent associations have been found between cell Gb3 expression and TNM classification of malignant tumors, histological type, or hormone receptor expression in human breast cancer (Johansson et al., 2009; Stimmer et al., 2014). Stx has been observed to induce the activation of caspase-9 and caspase-3 apoptotic pathways in glioma and the T47D breast cancer cell line expressing high levels of Gb3. In addition, cell death is blocked by GCS inhibitor PPMP and the pan-caspase inhibitor Z-VAD-fmk, which suggests that Gb3 and caspase-9 and -3 activation are pivotal for cell death. Moreover, Stx induces JNK phosphorylation, a key component of the mitogen-activated protein kinase signaling pathway that controls BAX and mitochondrial function, which may lead to mitochondrial depolarization and caspase-9 activation (Johansson et al., 2006; Johansson et al., 2009).
Gb3 expression has been detected in surgically resected tissue samples of human gastric carcinoma (both intestinal and diffuse types), as well as in endothelial cells from blood vessels and many other gastric cancer cell lines (Geyer et al., 2016; Xu et al., 2019). Recombinant Stx1 plasmid vectors have been used to treat gastric cancer in vitro and in nude mouse xenografts, an approach which reduces cancer cell proliferation and tumor growth (Xu et al., 2019).
As an alternative to its use as a Stx target to eliminate tumors, Gb3 has also been proposed as a possible biomarker of tumor invasiveness and/or malignancy. However, Gb3 expression in preinvasive stages as well as invasive tumor samples–as found in testicular tumor samples (Kang et al., 1995), primary ovarian tumors and metastases (Arab et al., 1997), and benignant and malignant meningiomas (Salhia et al., 2002)—makes it an implausible biomarker of tumor invasiveness and/or malignancy. Nevertheless, in other types of cancer, Gb3 may reflect tumor growth and chemotherapy resistance, a predictor of poor prognosis, as high Gb3 expression has been reported in poorly differentiated and chemo-refractory tumors (Arab et al., 1997).
Metastasis is one of the fundamental events in cancer and a major challenge in basic and clinical research. One of the main changes observed in most types of human cancers during disease progression into a metastatic stage is aberrant glycosylation in the cell membrane lipid bilayer of glycosphingolipid composition (Ridley, 2000). Gb3 seems to be involved in cell migration, as human intestinal epithelial Caco-2 and HT29 cells derived from metastatic colon cancer, which express Gb3, present a migratory phenotype with filopodia formation. Furthermore, elimination of Gb3 from colon cancer cells by Gb3-synthase siRNA knockdown completely inhibits cell migration, which shows that Gb3 expression is necessary and sufficient for invasiveness in cell culture models (Kovbasnjuk et al., 2005).
A direct relationship between the expression levels of Gb3 and metastatic capacity has been observed in the T3 murine fibrosarcoma cell line. Gb3 expression level was 10 times higher on the cell surface of highly metastatic T3 cell clones than in the weakly metastatic ones, which suggests that Gb3 may be relevant to the metastatic process (Mannori et al., 1990). Similar findings have been obtained in human colon cancer (Kovbasnjuk et al., 2005).
Some interpretations of the role of Gb3 in tumor cells hint at an evolutionary mechanism of protection against the immune system through which GSLs interfere with leucocyte cytotoxicity (Zhang et al., 2019). For instance, high expression of GSLs by tumor cells results in high levels of GSLs in the tumor microenvironment and in plasma (Ladisch and Wu, 1985; Floutsis et al., 1989). These GSLs may be incorporated by leukocyte membranes, which increases T cell apoptosis rates (Biswas et al., 2009), reduces T cell and NK cell cytotoxicity (Lee et al., 2012; Wegner et al., 2018a), reduces T cell and dendritic cell NF-kappaB signaling (Uzzo et al., 1999), inhibits MHC-II antigen presentation by monocytes (Heitger and Ladisch, 1996), inhibits IL-1B production and the expression of Ig Fc receptor on monocytes and macrophages (Hoon et al., 1989), and promotes a shift in CD4+ T cells from Th1 to a Th2 activated phenotype (Crespo et al., 2006). Conversely, in the presence of free GSLs, microglial TLR4 is downregulated while TLR2 is upregulated, which contributes to inflammatory conditions in the brain (Yoon et al., 2008).
Another protein which seems to be influenced by Gb3 in human tumors is the multidrug resistance (MDR) gene (MDR1) encoding a 170 kDa ATP-dependent drug efflux pump, termed P-glycoprotein (P-gp) (Lucci et al., 1998; De Rosa et al., 2008; Behnam-Motlagh et al., 2010; Johansson et al., 2010; Liu et al., 2010; Tyler et al., 2015; Roy et al., 2020). This pump reduces the intracellular concentration of certain drugs by actively increasing cellular drug efflux (Gottesman and Pastan, 1993; Amawi et al., 2019). Moreover, inhibitors of GSL biosynthesis have been shown to reverse the MDR phenotype (Lavie et al., 1996).
Precursors of Gb3-like glucosylceramide have been proposed as markers of MDR tumors, as they are thought to be required for the acquisition and/or maintenance of MDR (Lavie et al., 1996). GCS inhibitors produce cell death in MDR human KB carcinoma cell lines but not in drug-sensitive KB cell lines, which suggests that glucosylceramide is also essential for MDR KB cell type viability (Nicholson et al., 1999).
In turn, a direct relationship has been reported between MDR1 and Gb3 regulation. Retroviral infection of the MDCK renal cell line with human MDR1 cDNA, encoding the P-gp MDR efflux pump, produces major accumulation of Gb3, sensitivity to Stx and resistance to vinblastine (an antimitotic drug used to treat many kinds of cancer), while P-gp inhibitors prevent Gb3 increase and Stx sensitivity, and concomitantly increase vinblastine sensitivity. However, Gb3 synthase expression is present in both MDR1-MDCK and MDCK-wt and unaffected by P-gp inhibitors, which suggests that increased Gb3 in the cell membrane without a concomitant increase in Gb3 synthase may be explained as a post-translational mechanism. Briefly, GlcCer translocates from the cytosolic face of the Golgi to its lumen face, probably triggered by P-gp. Then, this available GlcCer is the substrate to yield luminal LacCer synthesis and subsequent Gb3 synthesis (Lala et al., 2000); the first glycosylation step in GSL biosynthesis occurs on the cytosolic face of the Golgi apparatus (GCS), and the second step takes place within the lumen of the Golgi (β4Gal-T5), whose product, LacCer, is the precursor for Gb3 and most GSLs (Lannert et al., 1998).
GCS is also overexpressed in breast cancer cells and, as observed in MCF-7 cells, its expression has a direct relationship with P-gp expression and Gb3 accumulation derived from the altered composition of GCS-enriched microdomains. The cellular mechanism involved seems to be mediated by Akt and ERK1/2 signaling, which results in MDR1 upregulation, anti-apoptotic gene activation, and a decrease in pro-apoptotic gene expression. Other pathways reported to regulate MDR1 expression include PKC and PI3K, as inhibition of these two second messengers produce a reduction in MDR1 expression (Wegner et al., 2018a; Wegner et al., 2018b). However, the relationship between Gb3 overexpression and MDR1 expression is much more complex and still to be elucidated.
6 FINAL CONSIDERATIONS
6.1 Phylogenetic View
Glycolipids are integral components of the extracellular plane of the membrane lipid bilayer, endomembrane systems such as nucleus and mitochondria (Kozireski-Chuback et al., 1999; Morales et al., 2004; Ledeen and Wu, 2011), and thylakoid/chloroplastic membranes (Janero and Barrnett, 1981; Block et al., 1983; Gombos et al., 1996; Moreau et al., 1998; Boudiere et al., 2014; Petroutsos et al., 2014). Ranging from eubacteria and Archaea to eukaryotic cells, these molecular arrangements constitute a biochemical platform for varied and crucial functions in physiology regarding cellular communication, adhesion, growth, and motility; functional receptors, second messengers, and signaling modulators; and apoptosis and cell cycle regulators or gauges in harsh environments (Schnaar et al., 2009; Lombard et al., 2012; Guimaraes et al., 2014; Hori et al., 2016). Glycan diversity in nature has been neglected to a certain extent, and glycolipid evolution is a complex process featuring both commonality between distantly related taxa and structural diversity within and between evolutionary lineages. While many taxa have no information on their glycolipid profiles, others might be wholly characterized by a particular glycolipid pattern and simultaneously display biochemical variations at a subdivision level. For instance, the glycolipid structure exhibited by Eubacteria and Archaea have relatively little in common with that of eukaryotes and, at the same time, glycolipid types identified in mammalian cells have forms related with other eukaryotes and Archaea (Varki et al., 2009; Hori et al., 2016). Glycolipids include diacylglycerol- or alkylacylglycerol-linked glycoglycerolipids, ceramide-linked GSLs, and phosphatidylinositol-linked glycosylphosphatidylinositols (GPIs). The first group represents the most abundant type in Eubacteria, Archaea and Plantae taxa (Holzl and Dormann, 2007; Gabius, 2011), while GSLs and GPIs appear in Animalia, Protista, Fungi and Plantae taxa (Varki et al., 2009; Guimaraes et al., 2014). In sum, glycolipids’ intrinsic structural features, the strong relationship they bear with their enzymatic synthesis/degradation pathways and glycolipid assembly and disassembly gene sequencing could lead to comprehensive and fruitful phylogenetic analysis (Petit et al., 2021).
6.2 Physiological Wrap Up
So far, the molecular structure has spotlighted GSLs physiological function, as their motif diversity and allocation are plausible arguments for involving GSLs in intercellular interaction, cell adhesion, and intracellular signaling. In addition, GSLs act as functional and topological platforms, glycosynapses and LiMd, respectively, allowing particular interactions with receptors or other glycans and membrane spatial organization (Kopitz et al., 2014; Ruiz et al., 2014; Ludwig et al., 2016). In contrast with comprehensive studies on gangliosides, Gb have been largely restricted to their role as toxin-binding sites and deserve more thorough research in pursuit of in-depth knowledge.
A functional message coded beneath GSL structure prompted glycoscience research to elaborate on the ubiquitous and fundamental biological roles of glycans (Gabius et al., 2015; Solis et al., 2015). The use of antibodies against the whole cell or purified compounds are experimental confirmation to prove glycans as clusters of differentiation markers. Glycans molecular recognition properties include binding mechanisms as well as conformational ones (Shimizu, 2003). In this context, membrane modeling was developed to study GSL-receptor function and lipid structure/microenvironment inter-reliance, such as cholesterol-enriched microdomains (Mahfoud et al., 2010), and showed that cell membrane remodeling processes and GSL-receptor function establish a bidirectional dialog. Accordingly, GSL fatty acid heterogeneity may participate in LiMd organization and thus modify GSL-receptor biological behavior (Lingwood et al., 2010b). In this scenario, GSL pattern distribution might act as a physiological in vivo flag as well as a pathological one (Lingwood et al., 2010a).
Further GSL functional significance has been obtained using chemically programmable glycodendrisomes, a self-assembled structure similar to a cell membrane, where different compounds, in nature and density, actively engage in cellular response (Percec et al., 2013; Zhang et al., 2015a; Zhang et al., 2015b; Xiao et al., 2016). These data describe GSL distribution not only as a potential flag but also as a biochemical tuner for the biological functions mentioned above (see Section 6.1).
6.3 Efficacy of Gb3 Targeting to Neutralize Stx Cytotoxic Action and Neurodegenerative Diseases
A knock-out mouse design for the Gb3 synthase gene involved in the synthesis of the Gb3 receptor (Figure 1) has shown that this receptor mediates tissue damage and the pathological characteristics produced by Stx. As null mutant mice showed no morphological or functional changes, the structures of the remaining glycolipids may be thought to compensate for the glycolipid functions of the globo-series. Therefore, blocking the function of Gb3 has been proposed as an effective method to interrupt the deleterious effects of EHEC poisoning (Okuda et al., 2006).
As a means of neutralizing the deleterious effects of Stx, several strategies have been developed to block the Gb3 receptor and prevent its binding. While most approaches have been successful in in vitro and animal models, none of the developments have shown therapeutic efficacy.
One of the first therapies to neutralize the effect of Stx was the blocking the Gb3 receptor from the intestinal lumen. To this end, a drug was designed comprising the trisaccharide part of Gb3 (the portion of the molecule that binds to Stx) bound to silica dioxide particles, which was called Synsorb ® Pk (Synsorb ® Biotech). This drug failed in pediatric patients, as it was unable to neutralize all the Stx molecules. Therefore, traces of Stx still produced diarrheagenic HUS, which may need to be addressed through the use of Gb3 analogs and anti-Stx antibodies in the bloodstream (Armstrong et al., 1991; Trachtman et al., 2003).
In addition, a pentameric mold called “starfish” was designed with 2 B subunits in which disaccharides galactose α-1,4 galactose are joined in the form of a sandwich. Starfish prevented Stx binding to Gb3 in vitro and in animal models. Also, Gb3 multi-oligosaccharides mounted on synthetic materials proved effective in vitro and in mice, but acrylamide toxicity made them clinically unfeasible. Peptide libraries were designed to mimic Gb3 for in vitro studies, and liposomes containing Gb3 sugars coupled to phosphatidylethanolamine were effective in neutralizing Stx cytotoxicity in vitro. Moreover, constructs of bacterial lipooligosaccharides mimicked the sugar sequence of Gb3 and were found to be protective in vitro and in animal models. Nevertheless, despite their effectiveness in experimental models, these devices have never been clinically tested (Lingwood, 2020).
Water-soluble Gb3 analogs have also been designed replacing the fatty acid portion with an adamantane frame to target one of the B subunit binding sites. These modifications retained the biological activity of the GSL in the membrane and succeeded in preventing GSL biosynthesis. These analogs also bound the B subunit of Stx2 more effectively than Gb3 and blocked Stx-Gb3 binding in vitro. However, this protective effect was not observed in a mouse experimental model (for more detailed information see Lingwood 2020) (Lingwood, 2020).
Therefore, there has been no success to date in developing an effective analog of Gb3 to neutralize the deleterious effects of Stx by blocking its Gb3 receptor for clinical purposes. At present, expectation has been placed on the design of antibodies as the most promising strategy.
Gb3 has been recently reported as a novel target to prevent neuronal secretion of amyloid beta (Aß), a key factor of Alzheimer’s disease. The amyloid precursor protein (APP) is known to be located in microdomains of lipid rafts, much like the Gb3 receptor. APP is internalized into early endosomes and then into late/recycling endosomes, where it is cleaved by secretases to yield Aß, which is released into the extracellular space in a free or exosome-mediated manner. Strikingly, Gb3 is internalized in the same early endosomes as APP, and they share common features of intracellular transport. A mutant nontoxigenic Stx2 (mStx2) lacking cytotoxic activity but still binding to Gb3 has been designed for incubation in CHO cells transiently expressing APP. As reported, mStx2a incubation formed clusters of Gb3 promoting the assembly of APP into lipid rafts of the same endosomes. mStx2a was observed to facilitate the transfer of APP to the lysosomal acidic compartment, reducing the amount of APP and inhibiting the production and extracellular release of Aß. Even though the precise mechanisms underlying this process still need to be determined, the prevention of Aß release might be a novel strategy for protection against Alzheimer’s disease through the Gb3 receptor (Sato et al., 2021).
7 CONCLUSION AND PERSPECTIVES
The present work provides the latest findings on the role of Gb3 in particular, and GSLs in general, in cell signaling, adhesion and communication, as well as their participation in a wide range of immune and metabolic processes. To understand its role in cell functionality, it is necessary to elucidate how Gb3 is formed and degraded, what happens when these processes fail, and the inflammatory framework involved.
This review also presents an overall description of the cell types expressing Gb3 and a detailed account of its physiological function in immune and renal cells. An update of the pathological mechanisms involving Gb3 is also provided, as findings of Gb3 in exosomes following intoxication with Stx have paved the way for new therapeutic challenges and perspectives. In addition, the design of antibodies to block the binding of Stx to its receptor Gb3 has recently sparked interest as the most promising strategy against HUS, while the state of the cell cycle phase has gained relevance comparable to absolute Gb3 expression for cancer treatment in tumor cells bearing Gb3.
In this way, the present review broadens the understanding of Gb3 function beyond its role in cell membrane structure in lipid raft microdomains, infectious and neurodegenerative diseases, and cancer, and unveils new features for Gb3, as part of the GSL group, from a biological, physiological and immunity point of view with potential for basic research and translation into clinical applications. This review also calls for attention to expand the paradigm based on models of nucleic acid and protein functionality to those including saccharides and lipids, to find hidden solutions to traditional unsolved pathologies. Novel knowledge of these molecules will impact the understanding of cellular functionality and generate new perspectives of their role in metabolism, development, differentiation, and evolution.
AUTHOR CONTRIBUTIONS
Conceptualization, writing-original draft preparation, writing-review and editing: ABC, JG, MVR-S, and AP.
FUNDING
This work was supported by Agencia Nacional de Promoción Científica y Tecnológica (ANPCyT) (PICT-2016-1175), Universidad de Buenos Aires (UBACyT) (20020190100186BA) and National Research Council, CONICET (PIP 2021-2023) (11220200101293CO) Argentina (JG).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors are especially grateful to María Marta Rancez for her special dedication and supportive technical assistance. The review tried to be as clear as possible and to refer key papers in the field.
REFERENCES
 Abe, A., Gregory, S., Lee, L., Killen, P. D., Brady, R. O., Kulkarni, A., et al. (2000). Reduction of Globotriaosylceramide in Fabry Disease Mice by Substrate Deprivation. J. Clin. Invest. 105 (11), 1563–1571. doi:10.1172/JCI9711
 Allende, M. L., and Proia, R. L. (2014). Simplifying Complexity: Genetically Resculpting Glycosphingolipid Synthesis Pathways in Mice to Reveal Function. Glycoconj J. 31 (9), 613–622. doi:10.1007/s10719-014-9563-5
 Amawi, H., Sim, H.-M., Tiwari, A. K., Ambudkar, S. V., and Shukla, S. (2019). ABC Transporter-Mediated Multidrug-Resistant Cancer. Adv. Exp. Med. Biol. 1141, 549–580. doi:10.1007/978-981-13-7647-4_12
 Arab, S., Russel, E., Chapman, W. B., Rosen, B., and Lingwood, C. A. (1997). Expression of the Verotoxin Receptor Glycolipid, Globotriaosylceramide, in Ovarian Hyperplasias. Oncol. Res. 9 (10), 553–563.
 Arab, S., Rutka, J., and Lingwood, C. (1999). Verotoxin Induces Apoptosis and the Complete, Rapid, Long-Term Elimination of Human Astrocytoma Xenografts in Nude Mice. Oncol. Res. 11 (1), 33–39.
 Arab, S., and Lingwood, C. A. (1998). Intracellular Targeting of the Endoplasmic Reticulum/nuclear Envelope by Retrograde Transport May Determine Cell Hypersensitivity to Verotoxin via Globotriaosyl Ceramide Fatty Acid Isoform Traffic. J. Cel. Phys.CO 177 (4), 646–660. doi:10.1002/(SICI)1097-4652
 Arab, S., Murakami, M., Dirks, P., Boyd, B., Hubbard, S. L., Lingwood, C. A., et al. (1998). Verotoxins Inhibit the Growth of and Induce Apoptosis in Human Astrocytoma Cells. J. Neurooncol. 40 (2), 137–150. doi:10.1023/a:1006010019064
 Armstrong, G. D., Fodor, E., and Vanmaele, R. (1991). Investigation of Shiga-like Toxin Binding to Chemically Synthesized Oligosaccharide Sequences. J. Infect. Dis. 164 (6), 1160–1167. doi:10.1093/infdis/164.6.1160
 Author anonymous, (1978). The Nomenclature of Lipids (Recommendations 1976) IUPAC-IUB Commission on Biochemical Nomenclature. J. Lipid. Res. 19 (1), 114–128. https://pubmed.ncbi.nlm.nih.gov/621435/
 Behnam-Motlagh, P., Tyler, A., Grankvist, K., and Johansson, A. (2010). Verotoxin-1 Treatment or Manipulation of its Receptor Globotriaosylceramide (Gb3) for Reversal of Multidrug Resistance to Cancer Chemotherapy. Toxins 2 (10), 2467–2477. doi:10.3390/toxins2102467
 Berdasco, C., Duhalde Vega, M., Rosato-Siri, M. V., and Goldstein, J. (2019). Environmental Cues Modulate Microglial Cell Behavior Upon Shiga Toxin 2 From Enterohemorrhagic Escherichia coli Exposure. Front. Cell Infect. Microbiol. 9, 442. doi:10.3389/fcimb.2019.00442
 Binnington, B., Lingwood, D., Nutikka, A., and Lingwood, C. A. (2002). Effect of Globotriaosyl Ceramide Fatty Acid Alpha-Hydroxylation on the Binding by Verotoxin 1 and Verotoxin 2. Neurochem. Res. 27 (7-8), 807–813. doi:10.1023/a:1020261125008
 Binz, T., and Rummel, A. (2009). Cell Entry Strategy of Clostridial Neurotoxins. J. Neurochem. 109 (6), 1584–1595. doi:10.1111/j.1471-4159.2009.06093.x
 Biswas, S., Biswas, K., Richmond, A., Ko, J., Ghosh, S., Simmons, M., et al. (2009). Elevated Levels of Select Gangliosides in T Cells from Renal Cell Carcinoma Patients Is Associated with T Cell Dysfunction. J. Immunol. 183 (8), 5050–5058. doi:10.4049/jimmunol.0900259
 Block, M. A., Dorne, A. J., Joyard, J., and Douce, R. (1983). Preparation and Characterization of Membrane Fractions Enriched in Outer and Inner Envelope Membranes from Spinach Chloroplasts. II. Biochemical Characterization. J. Biol. Chem. 258 (21), 13281–13286. doi:10.1016/s0021-9258(17)44113-5
 Boudière, L., Michaud, M., Petroutsos, D., Rébeillé, F., Falconet, D., Bastien, O., et al. (2014). Glycerolipids in Photosynthesis: Composition, Synthesis and Trafficking. Biochim. Biophys. Acta (Bba) - Bioenerg. 1837 (4), 470–480. doi:10.1016/j.bbabio.2013.09.007
 Breiden, B., and Sandhoff, K. (2019). Lysosomal Glycosphingolipid Storage Diseases. Annu. Rev. Biochem. 88, 461–485. doi:10.1146/annurev-biochem-013118-111518
 Brown, D. (2001). Structure and Function of Membrane Rafts. Int. J. Med. Microbiol. 291 (6-7), 433–437. doi:10.1078/1438-4221-00150
 Budani, M., Auray-Blais, C., and Lingwood, C. (2021). ATP-binding Cassette Transporters Mediate Differential Biosynthesis of Glycosphingolipid Species. J. Lipid Res. 62, 100128. doi:10.1016/j.jlr.2021.100128
 Chakrabandhu, K., Huault, S., Garmy, N., Fantini, J., Stebe, E., Mailfert, S., et al. (2008). The Extracellular Glycosphingolipid-Binding Motif of Fas Defines its Internalization Route, Mode and Outcome of Signals upon Activation by Ligand. Cell Death Differ 15 (12), 1824–1837. doi:10.1038/cdd.2008.115
 Chan, B., and Adam, D. N. (2018). A Review of Fabry Disease. Skin Ther. Lett 23 (2), 4–6.
 Cohen, A., Hannigan, G. E., Williams, B. R., and Lingwood, C. A. (1987). Roles of Globotriosyl- and Galabiosylceramide in Verotoxin Binding and High Affinity Interferon Receptor. J. Biol. Chem. 262 (35), 17088–17091. doi:10.1016/s0021-9258(18)45495-6
 Cooling, L. L. W., Walker, K. E., Gille, T., and Koerner, T. A. W. (1998). Shiga Toxin Binds Human Platelets via Globotriaosylceramide (P K Antigen) and a Novel Platelet Glycosphingolipid. Infect. Immun. 66 (9), 4355–4366. doi:10.1128/IAI.66.9.4355-4366.1998
 Crespo, F. A., Sun, X., Cripps, J. G., and Fernandez-Botran, R. (2006). The Immunoregulatory Effects of Gangliosides Involve Immune Deviation Favoring Type-2 T Cell Responses. J. Leukoc. Biol. 79 (3), 586–595. doi:10.1189/jlb.0705395
 D'Angelo, G., Capasso, S., Sticco, L., and Russo, D. (2013). Glycosphingolipids: Synthesis and Functions. FEBS J. 280 (24), 6338–6353. doi:10.1111/febs.12559
 De Rosa, M. F., Ackerley, C., Wang, B., Ito, S., Clarke, D. M., and Lingwood, C. (2008). Inhibition of Multidrug Resistance by Adamantylgb3, a Globotriaosylceramide Analog. J. Biol. Chem. 283 (8), 4501–4511. doi:10.1074/jbc.M705473200
 Del Nagro, C. J., Otero, D. C., Anzelon, A. N., Omori, S. A., Kolla, R. V., and Rickert, R. C. (2005). CD19 Function in central and Peripheral B-Cell Development. Ir 31 (2), 119–132. doi:10.1385/IR:31:2:119
 Đevenica, D., Čikeš Čulić, V., Vuica, A., and Markotić, A. (2011). Biochemical, Pathological and Oncological Relevance of Gb3Cer Receptor. Med. Oncol. 28 (Suppl. 1), 675–684. doi:10.1007/s12032-010-9732-8
 Ergonul, Z., Hughes, A. K., and Kohan, D. E. (2003). Induction of Apoptosis of Human Brain Microvascular Endothelial Cells by Shiga Toxin 1. J. Infect. Dis. 187 (1), 154–158. doi:10.1086/345861
 Erwert, R. D., Eiting, K. T., Tupper, J. C., Winn, R. K., Harlan, J. M., and Bannerman, D. D. (2003). Shiga Toxin Induces Decreased Expression of the Anti-apoptotic Protein Mcl-1 Concomitant with the Onset of Endothelial Apoptosis. Microb. Pathogenesis 35 (2), 87–93. doi:10.1016/s0882-4010(03)00100-1
 Ewers, H., and Helenius, A. (2011). Lipid-mediated Endocytosis. Cold Spring Harbor Perspect. Biol. 3 (8)–a004721. doi:10.1101/cshperspect.a004721
 Fantini, J., Maresca, M., Hammache, D., Yahi, N., and Delezay, O. (2000). Glycosphingolipid (GSL) Microdomains as Attachment Platforms for Host Pathogens and Their Toxins on Intestinal Epithelial Cells: Activation of Signal Transduction Pathways and Perturbations of Intestinal Absorption and Secretion. Glycoconj J. 17 (3 -4), 173–179. doi:10.1023/a:1026580905156
 Fas, S. C., Fritzsching, B., Suri-Payer, E., and Krammer, P. H. (2005). Death Receptor Signaling and its Function in the Immune System. Curr. Dir. Autoimmun. 9, 1–17. doi:10.1159/000090767
 Floutsis, G., Ulsh, L., and Ladisch, S. (1989). Immunosuppressive Activity of Human Neuroblastoma Tumor Gangliosides. Int. J. Cancer 43 (1), 6–9. doi:10.1002/ijc.2910430103
 Fraser, M. E., Fujinaga, M., Cherney, M. M., Melton-Celsa, A. R., Twiddy, E. M., O'Brien, A. D., et al. (2004). Structure of Shiga Toxin Type 2 (Stx2) from Escherichia coli O157:H7. J. Biol. Chem. 279 (26), 27511–27517. doi:10.1074/jbc.M401939200
 Fujii, J., Kinoshita, Y., Kita, T., Higure, A., Takeda, T., Tanaka, N., et al. (1996). Magnetic Resonance Imaging and Histopathological Study of Brain Lesions in Rabbits Given Intravenous Verotoxin 2. Infect. Immun. 64 (12), 5053–5060. doi:10.1128/iai.64.12.5053-5060.1996
 Fujii, J., Kita, T., Yoshida, S., Takeda, T., Kobayashi, H., Tanaka, N., et al. (1994). Direct Evidence of Neuron Impairment by Oral Infection with Verotoxin-Producing Escherichia coli O157:H- in Mitomycin-Treated Mice. Infect. Immun. 62 (8), 3447–3453. doi:10.1128/iai.62.8.3447-3453.1994
 Fujii, J., Matsui, T., Heatherly, D. P., Schlegel, K. H., Lobo, P. I., Yutsudo, T., et al. (2003). Rapid Apoptosis Induced by Shiga Toxin in HeLa Cells. Infect. Immun. 71 (5), 2724–2735. doi:10.1128/IAI.71.5.2724-2735.2003
 Furukawa, K., Yokoyama, K., Sato, T., Wiels, J., Hirayama, Y., Ohta, M., et al. (2002). Expression of the Gb3/CD77 Synthase Gene in Megakaryoblastic Leukemia Cells. J. Biol. Chem. 277 (13), 11247–11254. doi:10.1074/jbc.M109519200
 Gabius, H.-J., Kaltner, H., Kopitz, J., and André, S. (2015). The Glycobiology of the CD System: a Dictionary for Translating Marker Designations into Glycan/lectin Structure and Function. Trends Biochem. Sci. 40 (7), 360–376. doi:10.1016/j.tibs.2015.03.013
 Gabius, H.-J. (2011). The Sugar Code Fundamentals of Glycosciences. Weinheim: Wiley. 
 García, A., Bosques, C. J., Wishnok, J. S., Feng, Y., Karalius, B. J., Butterton, J. R., et al. (2006). Renal Injury Is a Consistent Finding in Dutch Belted Rabbits Experimentally Infected with EnterohemorrhagicEscherichia Coli. J. Infect. Dis. 193 (8), 1125–1134. doi:10.1086/501364
 George, T., Boyd, B., Price, M., Lingwood, C., and Maloney, M. (2001). MHC Class II Proteins Contain a Potential Binding Site for the Verotoxin Receptor Glycolipid CD77. Cel Mol Biol (Noisy-le-grand) 47 (7), 1179–1185.
 Geyer, P. E., Maak, M., Nitsche, U., Perl, M., Novotny, A., Slotta-Huspenina, J., et al. (2016). Gastric Adenocarcinomas Express the Glycosphingolipid Gb3/CD77: Targeting of Gastric Cancer Cells with Shiga Toxin B-Subunit. Mol. Cancer Ther. 15 (5), 1008–1017. doi:10.1158/1535-7163.MCT-15-0633
 Goldstein, J., Nuñez-Goluboay, K., and Pinto, A. (2020). Therapeutic Strategies to Protect the Central Nervous System against Shiga Toxin from Enterohemorrhagic Escherichia coli. Cn 19 (1), 24–44. doi:10.2174/1570159X18666200220143001
 Gombos, Z., Wada, H., Varkonyi, Z., Los, D. A., and Murata, N. (1996). Characterization of the Fad12 Mutant of Synechocystis that Is Defective in Δ12 Acyl-Lipid Desaturase Activity. Biochim. Biophys. Acta (Bba) - Lipids Lipid Metab. 1299 (1), 117–123. doi:10.1016/0005-2760(95)00204-9
 Gottesman, M. M., and Pastan, I. (1993). Biochemistry of Multidrug Resistance Mediated by the Multidrug Transporter. Annu. Rev. Biochem. 62, 385–427. doi:10.1146/annurev.bi.62.070193.002125
 Grant, C. W. M. (1984). Cell Surface Structural Implications of Some Experiments with Isolated Glycolipids and Glycoproteins. Can. J. Biochem. Cel Biol. 62 (11), 1151–1157. doi:10.1139/o84-148
 GuimarÃ£es, L. L., Toledo, M. S., Ferreira, F. A. S., Straus, A. H., and Takahashi, H. K. (2014). Structural Diversity and Biological Significance of Glycosphingolipids in Pathogenic and Opportunistic Fungi. Front. Cel. Infect. Microbiol. 4, 138. doi:10.3389/fcimb.2014.00138
 Gupta, G., and Surolia, A. (2010). Glycosphingolipids in Microdomain Formation and Their Spatial Organization. FEBS Lett. 584 (9), 1634–1641. doi:10.1016/j.febslet.2009.11.070
 Hakomori, S. (2003). Structure, Organization, and Function of Glycosphingolipids in Membrane. Curr. Opin. Hematol. 10 (1), 16–24. doi:10.1097/00062752-200301000-00004
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