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ABBREVIATIONS

Ganglioside and glycosphingolipid nomenclature is in accordance with Svennerholm [1], and the IUPAC-IUBMB recommendations. 

GlcCer, -Glc-(1-1)-Cer

LacCer, -Gal-(1-4)--Glc-(1-1)-Cer; 

GM3, II3- Neu5AcLacCer, -Neu5Ac- (2-3)--Gal-(1-4)--Glc-(1-1)-Cer; 

GM3(NeuGc), II3- Neu5Glycolil-LacCer, -Neu5 Glycolil-(2-3)--Gal-(1-4)--Glc-(1-1)-Cer;

GM1, II3--Neu5AcGg4Cer, -Gal-(1-3)--GalNAc-(1-4)-[-Neu5Ac-(2-3)]- -Gal-(1-4)- -Glc-(1-1)-Cer; 

GM1-lactone, -Gal-(1,3)--GalNAc-(1-4)-[-Neu5Ac-(2-3,1-2)]--Gal-(1-4)--Glc-(1-1)-Cer; 
GSL, Glycosphingolipid ;

SM, Sphingomyelin ;

NP, Nanoparticle ;

TLC, Thin Layer Chromatography.
ABSTRACT

Gangliosides, sphingolipids containing sialic acid residue(s), are components of the external layer of cell plasma membranes where they are inserted with the hydrophilic head group turned towards the extra cellular environment. In this strategic position, gangliosides contribute to very special cell processes as development, differentiation and oncogenic transformation. 

Analysis of the tumour associated ganglioside component profile may aid in the characterization of tumour cells and to establish the degree of malignant transformation. 

Furthermore, gangliosides that become prominently exposed on tumour cell during oncogenic dedifferentiation may be used as targets for specific immunohistological identification and possible therapeutic approaches.

In humans the main sialic acid is  N-acetyl-neuraminic acid (Neu5Ac), whereas N-glycolyl neuraminic acid (Neu5Gc) is not expressed in normal human tissues because a species-specific genetic mutation abrogate its biosynthesis. However breast cancer cells contain ganglioside GM3 carryng not only Neu5Ac but also Neu5Gc which resulted highly immunogenic and can be considered a good target for immunotherapy development. 

Some laboratories produced murine or human monoclonal antibodies (MAbs) against GM3(NeuGc) ganglioside antigen but the low specificity of these monoclonal antibodies made them only partially useful for the cancer diagnosis and therapy.   

The aim of this thesis was to synthesize the oligosaccaridic chain of GM3(NeuGc) and obtain an idiotopic antigen that mimic the oligosaccharide of GM3(NeuGc). 

The first part of the research involved the synthesis of the oligosaccharide α-Neu5Gc-(2-3)-β-Gal-(1-4)-β-Glc: starting from the natural GM3, which contains the Neu5Ac, we removed the acetyl group from the sialic acid and then synthesized the GM3(NeuGc). Later we removed the ceramide portion in order to obtain the free oligo-saccharide chain of GM3(NeuGc). 

Because the it is known that the oligosaccharidic molecules alone are not capable to induce an antibody response enough specific and efficient, we decided to synthesized a complex between the prepared oligosaccharide and gold nanoparticles. 

For this purpose we performed a two-phase synthesis: a thiol ligand (thio-acetyl-nonanole) is first tied with the free oligo-saccharide chain of GM3(NeuGc) and then strongly bound to colloidal gold thus obtaining the gold-glyconanoparticles. 

INTRODUCTION

SPHINGOLIPIDS

Glycolipids are minor components of biological membranes and are composed of a carbohydrate moiety linked to a hydrophobic aglycon [2]. They can be divided into glycoglycerolipids and glycosphingolipids (GSLs), the major glycolipids in animals. 

GSLs contain as hydrophobic moiety a ceramide molecule (Cer) that represents the most simple sphingolipid; it is formed by a long chain amino alcohol, d-erythro-sphingosine, which is N-acylated with a fatty acid (Figure 1). Cer is the common precursor of complex sphingolipids, which are synthesized by addition of polar molecules to hydroxyl group in position 1 of the sphingoid base [3]. The different classes of sphingolipids are characterized by different polar groups: phosphocoline is found in sphingomyelin (SM), monosaccharides in cerebrosides, saccharidic chains in complex GSLs. Finally gangliosides: glycosphingolipids containing sialic acid residues in their oligosaccharide chains [4] are a peculiar class of acid GSLs, that get their acidity from sialic acid [5]. 

Since sphingolipids are concentrated at the subcellular level in the plasma membrane, where they reside asymmetrically in the extracellular leaflet, they represent relatively abundant components in this district. 
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Figure 1. Structures of ceramide, sphingosine, sphingomyelin, glucosylceramide and GM3. 
The regulation of plasma membrane glycosphingolipid composition is of crucial importance for the cell biology, in fact the cell surface patterns can change with cell growth, differentiation, viral transformation, ontogenesis and oncogenesis [6]. 

This requires a tight regulation of the biosynthetic and catabolic processes occurring within the cells besides the intracellular transport [7]. Both biosynthesis and degradation take place in intracellular districts, thus the turnover of plasma membrane sphingolipids is intimately connected with a bidirectional flow of molecules from and to the plasma membrane that mainly occurs via vesicular traffic, even if non vesicular transport via sphingolipid binding proteins plays an important role in specific steps (Figure 2)[4, 8, 9] . 
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Figure 2. Different metabolic pathways possibly involved in changing plasma membrane glycosphingolipids. 

The following pathways can be modified by modulating the enzyme activities/expressions or process rates. 1- plasma membrane uptake of extracellular glycolipids shed by different cells; 2- shedding of glycolipid monomers: some directly re-enter the membrane, while others interact with the extracellular proteins or lipoproteins and are subsequent taken up by the cells and catabolized into lysosomes; 3- release of glycolipi-containing vesicles from the plasma membrane; 4- membrane endocytosis followed by sorting to lysosomes and lysosomal catabolism; 5- biosynthetic modifications by plasma membrane associated glycosltransferases and glycosidases.

BIOSYNTHESIS

Ceramide

The de novo biosynthetic pathway of sphingolipids starts at the cytosolic face of the endoplasmic reticulum, where enzyme activities responsible for the reaction sequence leading to the formation of ceramide are localized. 

Ceramide synthesis (Figure 3) is due to the condensation of the amino acid L-serine with a fatty acyl coenzyme A, usually palmitoyl coenzyme A, to 3-ketosphinganine and it is catalysed by the enzyme serine palmitoyl transferase [10-12]. In the following NADPH-dependent reaction, 3-ketosphinganine is reduced to d-erythro-sphinganine by 3-ketosphinganine reductase [13]. Sphinganine is subsequently acylated to dihydroceramide by a N-acyltransferase [14-16]. The major part of the dihydroceramide pool is desaturated to Cer in the dihydroceramide desaturase reaction [17-19]
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Figure 3. De novo biosynthesis of ceramide.

Glucosylceramide and Lactosylceramide 

The neosynthesized ceramide reaches the Golgi apparatus by a yet unknown mechanism [7], and here it is used as common precursor of glycosphingolipids. 

Different membrane-bound glycosyltransferases are responsible for the sequential addition of sugar residues to the ceramide, leading to the growth of the oligosaccharide chain. 

Glucosylceramide (GlcCer) is the first glycosylated product, formed by a ceramide glucosyltransferase activity localized at the cytosolic side of the early Golgi membrane [20].. Glucosylceramide can either directly reach the plasma membrane [21], presumably transported in a non-vesicular way [21], or be translocated to the luminal side of the Golgi, where it is further glycosylated by other glycosyltransferases located in this cellular district to generate more complex glycosphingolipids. 

Lactosylceramide(LacCer), the common precursor for the GSL series found in vertebrates, is formed by the addition of a galactose moiety from UDP-Gal to GlcCer catalysed by galactosyltransferase. The enzyme has been purified and cloned from rat brain [22]. LacCer formation and also the reactions leading to higher glycosylated lipids occur on the luminal leaflet of Golgi membranes [23]. 

Neosynthesized glycosphingolipids move through the Golgi apparatus to the plasma membrane following the mainstream exocytotic vesicular traffic. 

Complex Gangliosides

A GSL series that is especially abundant on neuronal cells is the ganglio series (Figure 4, Panel A). The biosynthesis of sialic acid-containing GSLs of this series, the gangliosides, is catalysed by glycosyltransferases in the lumen of the Golgi apparatus [4, 24, 25]. Gangliosides are structurally and biosynthetically derived from LacCer. 

LacCer and the hematosides GM3, GD3 and GT3, serve as precursors for complex gangliosides of the 0-, a-, b- and c-series (Figure 4, Panel B). In adult human tissues, gangliosides from the 0- and c-series are found only in trace amounts. The transferases that catalyse the first steps in ganglioside biosynthesis show high specificity towards their glycolipid substrates, i.e. for the formation of LacCer, GM3 and GD3. The relative amounts of these glycolipids in the steady state seems to determine the amount of 0-series glycolipids, which are derived only from LacCer, a-series gangliosides which are only derived from ganglioside GM3, and b-series gangliosides which are only derived from ganglioside GD3. Sialyltransferases I and II are much more specific for their glycolipid substrates than sialyltransferases IV and V, or than galactosyltransferase-II and GalNAc transferase. It was assumed that different transferases catalyse the formation of homologous gangliosides of different series. 
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Figure 4a. Structures and trivial names of the mammalian glycosphingolipid series derived from lactosyceramide.
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Figure 4b. Scheme of ganglioside biosynthesis. 

The formation of 0, a, b, and c series gangliosides is catalyzed by glyco- syltransferases of Golgi membranes. All enzymatic steps (possibly except formation of LacCer) take place at the luminal surfaces of the Golgi membranes. 

CATABOLISM

Another important point of regulation of composition of plasma membrane glycosphingolipids is represented by their degradation that takes place in the acidic compartments of the cells, the lysosomes, where glycosphingolipids are transported by the endocytic vesicular flow through the early and late endosomal compartment to be catabolized. 

Lysosomal glycosidases sequentially cleave off the sugar residues from the non-reducing end of their glycolipid substrates. The resulting monosaccharides, sialic acids, fatty acids and sphingoid bases can leave the lysosome and can be used within salvage processes or can be further degraded.

The intralysosomal degradation of most, if not all, glycosphingolipids requires, besides exoglycohydrolases, effector protein molecules named “sphingolipid activator proteins (SAPs, or saposines)”.

In ganglioside degradation, ganglioside GM1 is degraded to ganglioside GM2 by a -galactosidase in the presence of either the GM2-AP or SAP-B [26]. The resulting ganglioside GM2 is cleaved to ganglioside GM3 and N-acetyl-galactosamine mainly by the -Hex isoenzymes, especially the heterodimer HexA ) [27]. In addition to the -HexA, degradation of ganglioside GM2 requires the GM2-AP. This activator is essential for the in vivo degradation of this ganglioside. A sialidase cleaves ganglioside GM3 into LacCer and sialic acid, a reaction stimulated by SAP-B [28], before the galactose is split off by either galactosylceramide--galactosidase or GM1--galactosidase to yield GlcCer in the presence of either SAP-B or -C [29]. 

The stepwise cleavage of the hydrophilic head groups from these glycolipids finally leads to Cer which is cleaved by acid ceramidase in the presence of SAP-D [30] into sphingosine and a fatty acid. Together with the other cleavage products, these two metabolites are able to leave the lysosome. 

During the retrograde transport from plasma membrane to lysosomes, some glycosphingolipids, originally resident at the plasma membrane, can be diverted to different intracellular sites (presumably the Golgi apparatus) where they undergo to a direct glycosylation with the formation of more complex products, able in turn to reach again the plasma membrane. It has been suggested that this process might be quantitatively relevant at least for certain cell types, including neurons [31], thus representing a further potential mechanism for the regulation of plasma membrane ganglioside composition at the level of intracellular traffic. Analogously, intermediate or final degradation products can escape the lysosomes and be recycled along the biosynthetic pathway. 

SPHINGOLIPIDS CELLULAR FUNCTIONS

GSLs are essential for the survival, proliferation and differentiation of eukariotic cells within complex multicellular systems. It is reported that glycolipid deficient cells are able to survive, grow and differentiate, while ceramide glucosyltranferase knockout mice are embryonic lethal [32].

The important functions carried out by sphingolipids are due to their peculiar structure (Figure 5), which influences their localization into plasma membrane. Sphingolipids are localized in the outer leaflet of plasma membrane with the oligosaccharide chains exposed on the cell surface, taking contact with the external environment, and with the ceramide portion inserted into the membrane bilayer, near to several membrane lipid and protein molecules [33]. This peculiarity allows sphingolipids to play important roles in signal transmission. They are able to modulate the activity of several membrane proteins, including enzymes, ionic channels, receptors for extra cellular ligands.

This recognition and signalling activity is very well proved for GSL, and in particular for gangliosides. Gangliosides, with their heterogeneous oligosaccharide portions, constitute recognition sites at cell surface and they interact with a variety of extracellular substances, being involved in cell-cell and cell-substrate recognition processes [6]. Ganglioside can act in signalling processes by two mechanisms [34]:

1. trans interaction: ganglioside interacts with a receptor present on a different cell or in the extracellular environment;
2. cis interaction: ganglioside laterally interacts with molecules present in the same cell.
The classic example in literature of interaction between ganglioside with membrane receptor is the specific physical association of -subunit of cholera toxin with the ganglioside GM1, which triggers a conformational change and delivers the toxic subunit to the internal of cells.

In addition, many protein kinases have been shown to be modulated by gangliosides. For example, the tyrosine phosphorilation of the EGF receptor is down-regulated by adding ganglioside GM3 [35-37], with consequent inbition of cellular growth. Ganglioside GM1 is able to regulate the activity of kinase tyrosine receptors (NGF) in the nervous system [38]. Ganglioside have in particular a crucial role in controlling various aspects of neuronal cell functions [39, 40]. Experimental observations suggest that exogenous somministration of gangliosides had neuritogenic, neurotrophic and neuroprotective effects in cultured neurons and in neurotumoral cell lines [39, 41, 42]. Moreover, there are many indications that sphingolipid biosynthesis is necessary for the differentiation and function of neurons in culture. In neuroblastoma cell lines, the ability to extend neurites in response to various stimuli was correlated with the cellular gangliotetraose content [43], and increased surface expression of GM1 by treatment of neuroblastome cells with Clostridium Perfringens sialidase potentiated PGE1-induced neurites formation. Pharmacological inhibition of glycosphingilipids biosynthesis by synthetic inhibitors of GlcCer synthase [44] or by inhibitors of sphinganine N-acyltranferase [45] reduced axonal elongation and branching in cultured hippocampal and neocortical neurons [46-48], and NGF-induced neurites outgrowth in human neuroblastoma and PC12 cells [49, 50].

Conversely, up-regulation of GSLs biosynthesis stimulated neurites outgrowth in cultured cortical neurons [48, 51] and the induced expression of GD3 synthase was able to switch neuroblastoma cells to a differentiated phenotype [52].
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Figure 5. Glycosphingolipids functions. 

GLYCOSPHINGOLIPIDS AND ABERRANT GLYCOSYLATION IN TUMORS

The term “aberrant glycosylation” describes an altered expression of oligosaccharide epitopes, associated with both glycolipid and glycoprotein antigens in human cancer. This event is the consequence of at least two different metabolic mechanisms, the impairment of specific glycosylation steps (“incomplete synthesis”), or the transcriptional induction of genes encoding for glycosyltransferases or carbohydrate transporters (“neo-synthesis”) [53]. Both mechanisms contribute to the accumulation of antigen carrying tumor-associated epitopes, that were originally defined by their ability to raise the production of specific antibodies and subsequently characterized on the basis of their molecular structure. The discovery of oligosaccharide tumor-associated antigens provided useful diagnostic tools and opened the field of tumor glycobiology, that developed tremendously in the following decades. 

It became soon clear that aberrant glycosphingolipid expression is not simply an epiphenomenon accompanying neoplastic transformation (Figure 6). The modification of glycosphingolipid expression deeply affects several properties of tumor cells, that are directly relevant to the growth and progression of the tumor, and to metastasis formation: cell adhesion (to the extracellular matrix or to the endothelium of blood vessels), motility, recognition and invasion of host tissues. 
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Figure 6. Aberrant glycosylation and neoplastic transformation

In particular, glycosphingolipids (GSL) might contribute to the modulation of integrin-dependent interactions of tumor cells (determining their adhesion, motility and invasiveness) with the extracellular matrix as well as with host cells present in the stromal compartment of the tumor. The involvement of GSL in these events is of great interest, since after the initial tumorigenic events triggered by genetic mutations of oncogenes and tumor suppressor genes, tumor-host interactions represent a critical feature of each step leading to cancer disease progression. 

Recently, it has been proposed that many aspects of tumor cell social life are mediated by cell surface signaling complexes regulated by GSL: glycosphingolipids at the cell surface interact with plasma membrane receptors (including both adhesion receptors such as integrin receptors, and classical tyrosine kinase growth factor receptors) forming signaling complexes that are able to influence the activity of signal transduction molecules oriented at the cytosolic surface of the plasma membrane. In particular gangliosides, that are involved in various cellular functions including signal transduction, regulation of cell proliferation and differentiation, cell-cell recognition and adhesion [6, 54], and cell death, are believed to play a role in tumor formation and progression [53].

Numerous clinicopathological studies have shown a clear correlation between aberrant glycosilation status of primary tumor and invasive/metastatic potential of human cancer. N- or O-glycosilation of functionally important membrane components may alter tumor cell adhesion or motility in a direction that either promotes or inhibits invasion and metastasis.  In several tumor cells, glycosphingolipids show an altered saccharidic structure with a hydroxylated form of ceramide [55, 56]. Tumor cell lines with high malignant potential are characterized by high levels of particular gangliosides [57]: GD3 and GD2 are present in human melanoma cells, GM3 in murine melanoma cells, GD2 in neuroblastoma, Gg3 in murine lymphome and in human Hodgkin lymphome, fucosyl-GM1 in lung cancer and globo-H in mammarian and in ovarian carcinomas.

Each type of tumor is characterized by accumulation of specific types of glycosphingolipids due to modifications in sphingolipid metabolism and to sphingolipid depletion from plasma membrane of tumor cells to extracellular environment (shedding). Shedding of gangliosides from tumor cells is greater than from normal cells, and sera of patients with cancer (compared to sera of normal subjects) have much higer levels of gangliosides [58]. It has been demonstrated that women affected by malignant or benign tumor showed high levels of gangliosides, in particular GD3, in plasma [59]. Shedded gangliosides may inhibit immune response in vitro as well as in vivo. Tumor progression is associated with increased ganglioside levels in blood, which may inhibit host immune response and thereby promote tumor growth through “escape” of tumor cells from this immune response [60].

Aberrant accumulation of specific glycosphingolipids in specific types of cancer can be correlated with altered cell-cell interaction. It may also reflect aberrant cell motility and transmembrane signaling [61]. GM3 and GD3 gangliosides may contribute to modulation of integrine-dependent interaction between tumor cell and extracellular matrix [62, 63]. Glycosphingolipids are involved in selectine- or galectine-dependent adhesion between tumor cells and endothelial cells, a crucial role in tumor invasion. Adhesion of B16 melanoma cells, expressing high levels of GM3, to endothelial murine cells, expressing high levels of lactosilceramide and Gg3 ganglioside, is an GM3-dependent interaction (GM3-Gg3 or GM3-lactosilceramide). This adhesion increases the B16 tumor cells motility and metastatic potential [53].

In some cases, glycosphingolipids on tumor cell surface showed anti-adhesive properties. This may favour the release of tumor cells from tumor mass, starting the metastatic process. GM3-GM3 interactions are highly anti-attractive [64].

Aberrant glycosilation include also differences in sialic acid composition between normal and tumor cells. In fact, whereas gangliosides containing N-acetyl-neuraminic acid (Neu5Ac) are normal components of the plasma membrane in humans, gangliosides bearing N-glycolyl neuraminic acid (Neu5Gc) residue are not ([65, 66]. The difference between GM3(NeuAc) and GM3(NeuGc) consists only in the addition of a single oxygen atom to the NeuAc residue, thus replacing, within the trisaccharide head group of the ganglioside, a methyl group with a CH2OH group. The absence of NeuGc in normal human cells is due to the inactivation of the gene for CMP-Neu5Ac hydroxylase, the enzyme responsible for NeuGc biosynthesis. The enzyme inactivation in human cells is caused by a deletion of 92 bp that produces a lack of a 104 amino acids N-terminal sequence, that has been instead found in the cDNA sequence of mouse enzyme [67-69]. However, the presence of NeuGc residues has been reported in different human tumors, where the N-glycolyl neuraminic acid has been detected by polyclonal and monoclonal antibodies, but also by chemical analysis [70-74]. A recent paper demonstrated the presence of small amounts of this variant of sialic acid in some human normal tissues. The authors claimed it was originated from exogenous sources, such as foods from mammalian origin. 

The higher amounts of NeuGc in carcinomas could be also justified because of the higher uptake of these rapidly growing tissues [75]. The glycosidically bound NeuGc could derive from exogenous glycoconjugates that enter into human cells via pinocytosis, NeuGc is then released by the lysosomal sialidase and then transported by the lysosomal sialic acid transporter to the cytosol, where it is incorporated into glycoconjugates [76]. Nevertheless, it is noteworthy that there is a differential pattern of expression of NeuGc in normal and malignant human tissues.
GOLD GLYCONANOPARTICLE (Au-GNPs). 
Synthesis and properties of gold nanoparticles (AuNPs)

The successful utilization of AuNPs in biological assays relies on the availability of synthetic methods to generate nanoparticles with the desired characteristics, namely high solubility in water, adequate morphology, size dispersion, and surface functionalities. Numerous synthetic strategies for the preparation of AuNPs have been reported [77-79]. Most commonly, AuNPs are synthesized by chemical or electrochemical reduction of a gold(III) precursor compound in the presence of a capping agent, i.e. a compound able to bind to the nanoparticle surface blocking its growth beyond the nanometer range and stabilizing the colloid in the particular solvent used. Control over the shape and size of the AuNPs is usually achieved through the careful selection of the experimental conditions, as for example reducing agent, reaction time, temperature, and capping agent. A common approach is to use capping agents with strong affinity for gold, e.g. thiol capping agents. This allows the synthesis of AuNPs with good size dispersion but usually only soluble in organic solvents [80], thus requiring an additional step of extraction of the particles into water. In addition, exchange of strongly binding capping agents makes the AuNPs cumbersome and thus less versatile for biological applications.

The most commonly method used for preparation of spherical AuNPs for biological assays, charachterized by a particular simplicity and high yield, is the citrate reduction method of Turkevich et al. [81]. The use of citrate as a capping agent is very convenient due to its easy post-synthesis treatment, since it can be easily replaced by other capping agents(e.g. thiol capping agents) which bear appropriate functionality for binding of the biological analyte of interest. This method gives a reasonable size control and recent modifications have allowed not only a better size distribution of the AuNPs, but also the control of their size within the 9–120 nm range [82].

Several other methods for improvement of size dispersion of spherical AuNPs have been reported [83, 84]. In addition, several methods have been published for preparation of water-soluble AuNPs with SPR bands in the near infrared [85]. This type of AuNPs is quite promising for biological applications, allowing the use of AuNPs in biological fluids without interference absorption from other biological molecules. 
Functionalization and potentiality of Au-GNPs

Functionalization of Au-GNPs involves the use of bifunctional ligands in which a moiety is used for anchorage to the particle while the other is directed to the outer-surface for specific interaction with biomolecules [86]. For example, thiol-modified oligonucleotides have been used to functionalize AuNPs for specific detection of nucleic acid sequences in biological samples.

Functionalization of AuNPs with biomolecules other than nucleic acids has also been used in order to develop methodologies suitable for clinical diagnostics. These include antibodies for signal enhancement in immunoassays [87-91], carbohydrate functionalization to study specific molecular interactions [92, 93], and surface functionalization with ligands that can be tailored for specific protein binding [94, 95] or direct binding of peptides and proteins to the AuNP surface [96-98].

The specific interaction between biological pairs has also been widely used, e.g. biotin–streptavidin [99, 100] and Ni-NTA–histidine tail [101, 102].

Glyconanoparticles (Au-GNPs) are carbohydrate functionalized nanoparticles. Their utilization presents the advantage of increasing the specific interactions between glycans and lectins for biosensing application [103-105]. Compared with biotin–streptavidin, the carbohydrate-protein interaction is relatively weak but can be successfully enhanced by multivalent interactions: the so-called “cluster glycoside effect” [106]. These multivalent carbohydrate–ligand/protein interactions were successfully used by Tsai et al [105] in a rapid, selective and quantitative detection method for the carbohydrate-binding protein concavalin-A. Penadés et al. have developed a glyconanotechnology strategy to study and evaluate carbohydrate–carbohydrate and carbohydrate–protein interactions, enabling the establishment of models for carbohydrate-mediated biological processes [92]. Multifunctional glyconanoparticles containing lactose were prepared as a possible platform for carbohydrate-based anticancer vaccines, with the potential for tailoring polyvalent anticancer vaccines and drug-delivery carriers [93]. Even though glyconanoparticles are simple and flexible to be prepared and have several interesting physical, chemical, and biological properties. Their utilization in clinical diagnosis is still under development. 

Glyconanoparticles application in biomedicine: new strategy for vaccines development 
Glyconanoparticles constitute a good biomimetic model to intervene in carbohydrate-mediated biological processes. For this reason, glyconanoparticles have been produced and applied in biomedical applications.

It has been recently shown that lactose gold glyconanoparticles may be potential tools in anti-adhesive therapy [107]. One of the critical steps in metastasis is the adhesion of tumour cells to the vascular endothelium. After adhesion, tumour cells transmigrate and create new tumour foci. Interactions between tumour-associated antigens and epithelial cell selectins promote tumour cell metastasis. In addition to this mechanism, carbohydrate–carbohydrate interactions between glycosphingolipids expressed on the tumour and endothelial cell surfaces also seem to be involved in the critical adhesion step. A carbohydrate–carbohydrate interaction between GM3 expressed in a murine melanoma cell line (B16) and Gg3 or LacCer of endothelium cells, has been proposed to be involved in the first adhesion step of tumour cells to endothelium before transmigration [108]. Therefore, inhibition of this step by glyconanoparticles that present carbohydrate antigens expressed either in the tumour or the endothelium cells, might provide effective anti-adhesion therapy. 

Based on the involvement in cell adhesion of the antigen LacCer, lactose glyconanoparticles were tested as a potential inhibitor of the binding of melanoma cells to endothelium. An ex vivo experiment was designed for the evaluation of the anti-metastasis potential of the glyconanoparticles. Mice were injected with melanoma cells pre-incubated with lactose gold glyconanoparticles, and after 3 weeks, the animals were sacrificed and both lungs evaluated under the microscope for analysis of tumour foci. A 70% of tumour inhibition was reported as compared with the group inoculated only with melanoma cells [107]. Other new strategies are involved in the use of Au-GNPs as a new platform for potential anticancer vaccines. Carbohydrates are T cell independent antigens and most carbohydrate based vaccines are conjugated systems in which oligosaccharide or polysaccharide antigens are covalently linked to immunogenic structures [109, 110]. Polysaccharide–protein conjugates are being effectively used in vaccination strategies against bacterial infections [111, 112]. On the other hand, intensive work has been underway for several years to exploit the over expression of tumour associated oligosaccharides to develop anticancer vaccines [113-118]. A variety of strategies to present these oligosaccharide epitopes for inducing sufficiently strong helper T cell responses have been developed and impressive advances have been achieved in the synthesis of tumour associated glycopeptide and glycolipid structures to construct potential vaccine candidates [113-119]. While for glycolipids or glycopeptides with large tumour associated oligosaccharide epitopes, single molecule presentation seems to be sufficient for antibody recognition, short haptenic molecules, such as the disaccharide antigen sialyl-Tn (sTn), appear to require being presented as clusters [120]. It has also been observed that even for larger molecules, such as oligosaccharides containing the tetrasaccharide Lewis-epitope, clustering of the glycodomain is important for antibody production [121]. In this connection, it has been anticipated that multivalent structures may provide more antibody density than monovalent immunizing agents, and that increasing the number of tumour epitopes should result in a broader degree of protection against multiple cancers. Also, incorporating different antigens in a single clustered format has been proposed for the construction of unimolecular vaccines of defined chemical structures [122]. It has been shown that antigens covalently conjugated to solid core carboxylated polystyrene microspheres of narrowly defined size (0.04–0.05 m), induce high antibody titres in mice [123]. Glyconanoparticles technology [124] could provide a platform for potential anticancer vaccines if conditions were found to include, in a controlled manner, tumour associated oligosaccharide epitopes and T cell helper peptidic components in the self-assembly process. 
MATERIALS AND METHODS

MATERIALS 

Commercial chemicals were of analytical grade or the highest grade available. Common solvents, purchased from Merck, were redistilled before use and water for routine use was deionized and freshly distilled in a glass apparatus. 

LiChroprep RP18, Silica gel 100 for column chromatography (0.063–0.2 mm, 70–230 mesh, ASTM) and high performance silica gel precoated thin-layer plates (HPTLC Kieselgel 60) were purchased from Merck GmbH. 

DEAE-sepharose C1-6B from Pharmacia; Chelex-100 (100–200 mesh, sodium form) and styrene-type G50 (100–200 mesh,H1 form) from Bio-Rad. 

Human monoclonal 14F7Q antibody  against Neu5Gc, has been kindly provided by Dr. Adriana Carr, Center of Molecular Immunology Research and Development, Havana, Cuba.

Antihuman IGg was from Pierce.

Clostridium perfrigens sialidase (EC 3.2.1.18) from Boehringer AG; Vibrio chloerae sialidase and sialic acid from Sigma. 

All major standard gangliosides and glycosphingolipids were available in the laboratory.

Compounds were detected by staining with 1:9 H2SO4-EtOH or with anisaldheyde solution (25ml of anisaldheyde with 25ml H2SO4, 450ml of EtOH and 1ml CH3COOH) followed by heating at over 200 °C.

1H NMR spectra were acquired on Brucker 500MHz and spectrometers and chemical shifts are given in parts per million (δ) relative to DMSOd6 or relative D2O.
Centrifugal filtering (to obtain the nanoparticles) was AMICON MW 10.000.
Mass spectra were acquired on Negative-ion and positive-ion ESI mass. 

METHODS 
Ganglioside preparation

Gangliosides were extracted from 25 kg of bovine brain and purified by partitioning [125]. Further purification of the ganglioside mixture by alkaline treatment [126] removed a slight glycerolipid contamination.

GM1 ganglioside isolation

GM1 was prepared from the bovine brain gangliosides mixture [127]; 50 g of ganglioside mixture were dissolved in prewarmed (36 °C) 2.5 L of 0.05 M sodium acetate, 1 mM CaCl2 buffer, pH 5.5. Clostridium perfrigens sialidase (5 Units) was added to the solution every 12 hours. Incubation at 36°C was maintained for two days under stirring.

The sialidase treated ganglioside mixture was applied to a LiChroprep RP18 column and, after washing with water (2 L) to remove salts and free sialic acid, the gangliosides were eluted with 2 L of methanol. The methanolic solution was dried, dissolved in chloroform/methanol/water, 60:35:8 by vol, and applied to a silica gel 100 column chromatography, equilibrated and eluted with the same solvent system; the chromatography elution profile was monitored by TLC. 

Fractions containing GM1 were collected, dried, and the residue dissolved in 40 mL of 1-propanol/water, 7:3 by vol, and precipitated by adding 4 volumes of cold acetone. After centrifugation (15,000g) the pellet was separated from the acetone and dried under high vacuum.

GM1 lactonization

GM1-lactone was prepared from GM1 according to the quantitative procedure previously described [128]. 20 g of GM1 dissolved in 200 mL dehydrated dimethylsulfoxide were converted into the acid form by passing through an anhydrous styrene-type ion exchange column (100 cm 3 6 cm) chromatography, equilibrated and eluted with dimethylsulfoxide. The eluted solution was treated with 3 g of dicyclohexylcarbodiimide at room temperature for one hour under stirring. After filtration to remove the formed dicyclohexylurea, the GM1-lactone was precipitated with cold acetone and dried under high vacuum.

Preparation of GM3 from GM1-lactone 

Between 50 mg to 10 g of GM1-lactone as a dried powder was added to an anhydrous balloon provided with reflux apparatus and nitrogen flux, and warmed to 70°C under stirring. A prewarmed (70°C) solution of 0.25 M H2SO4 in DMSO, previously maintained three hours under nitrogen bubbling, was then added very rapidly under vigorous stirring, giving a 30 mM ganglioside concentration. After 30 min at 70°C and vigorous stirring, the reaction balloon was cooled in an ice bath. The reaction mixture was brought to pH 9 with 1 M NaOH and precipitated at 4°C by addition of cold CH3CN. The precipitate was filtered on a Buchner filter, dried, dialyzed for 4 days and lyophilized. 

The lyophilised mixture containing GM3 and a number of byproducts was dissolved in chloroform/methanol/water, 60:35:8 by vol, and applied to a silica gel 100 column chromatography, equilibrated and eluted with the same solvent system. The elution profile was monitored by TLC. Fractions containing GM3 were collected and dried and the residue was dissolved in a small volume of chloroform/methanol, 2:1 by vol, and precipitated by adding 4 volumes of cold acetone. After centrifugation (15,000g) the pellet was separated from the acetone and dried under high vacuum. 

Preparation of de-N-acetyl-GM3 
In a round-bottom flask, GM3 ganglioside, in quantities of 50 mg to 1 g, was dissolved in water (66 mg/ml) under stirring and warmed to 60°C. An equal volume of 4 M KOH, prewarmed to 60°C was then added under strong stirring. A reflux apparatus, fitted with a connection tube for nitrogen fluxing, was adapted to the flask and the reaction was allowed to proceed at 90°C under vigorous stirring. After 3.5 h, the solution was chilled, neutralized with 6 M HCl, dialyzed, and freeze-dried. The residue was dissolved in the minimum amount of chloroform/methanol, 2:1 by vol., precipitated by the addition of 5 volumes of cold acetone and stored overnight at 4°C. After centrifugation at 5,000 rpm the acetone was discarded and the pellet was dried under high vacuum. 

TheDe-N-acetyl-GM3 was purified from the total hydrolysis reaction mixture by silica gel column chromatography, using the solvent system chloroform/methanol/formic acid 30:50:6 (v/v/v) (Figure 7). 
Chemical synthesis of N-Glycolyl GM3 

Glycolylation of de-N-acetyl-GM3 was carried out with glycolic acid. Dicyclohexylcarbodiimmide and N-hydroxysuccinimide, both at a final concentration of 0.2 M, were added to a 0.17 M solution of glycolic acid in dry dimethylformamide. After stirring for 30 min at room temperature, the de-N-acetyl-GM3 (674 mg) was added to give a final concentration of 0.02 M. The reaction was allowed to proceed at 60°C under vigorous stirring for 1 h. The reaction mixture was cooled to room temperature and centrifuged to remove the precipitate formed. Dimethylformamide was evaporated with a rotary evaporator after repeated adding of a heptane/toluene mixture (2:1 by volume). GM3(NeuGc) was purified by silica gel chromatography using as solvent system Chlorophorm/Methanol/10 M NH4OH aqueous solution (60:30:4 by volume) (Figure 7).
Preparations of N-Glycolil-GM3 oligosaccaride chain.

A sample of GM3(NeuGc) (564 mg), was dissolved in 211 ml of methanol, and submitted to ozonolysis according to Wiegandt and Baschang [129]. The reaction was checked with TLC plate using the sovent system chloroform/methanol/0.3% aqueous CaCl2, 60:35:8 by vol. The reaction was stirred for 30 min at room temperature. After ozonolysis, tryethilamine was added until the pH of the reaction become 12. The reaction mixture was stirred for 24 h at room temperature. Oligo-GM3(NeuGc) was purified from the total reaction mixture by silica gel 100 chromatography using as solvent system Chlorophorm/Methanol/ Water (30:50:13 by volume) (Figure x). 
Peracetylation of oligo GM3(NeuGc).

8 ml of piridine have been added to a solution of oligo-GM3(NeuGc) (224mg in 1,575ml of water). The solution was strirred on ice and acetic anhydride (18.6 ml) was added dropped. The reaction mixture was strirred for 3 h at 50°C. After 3 h the solution was dried with rotant evaporator by adding tholuen. Then piridine (60 ml) and acetic anhydride (37 ml) were added. The new reaction mixture was strirred for 18 h at 50°C under argon atmosphere.The solution was then dried with rotant evaporator by adding tholuen.

Peracetylated oligo-GM3(NeuGc) was purified from the total reaction mixture by silica gel 60 chromatography using as solvent system AcOH/Dichloromethane (1:2 by volume) (Figure 7).
Chemical synthesis of acetyl-thio-nonanol

To a 2 g of 9-bromo-1-nonanol dissolved in 13.6 ml of dimethylformamide and 1.53 g of KS-acetyl were added. The reaction mixture were stirred for 1 h at 90°C at reflux. After 1 h the solution was dried with rotary evaporator and Acetyl-thio-nonanol was purified by silica gel 60 chromatography using as solvent system hexan/ethylacetate, 8:2 by volume.
Bromuration of peracetylated oligo-GM3(NeuGc).

The peracetylated oligo-GM3(NeuGc) (395 mg, 0.342 mmol) was dissolved in a hydrogen bromide solution 10ml, previously activated by acetic anhydride for 2h [HBr(33% in acetic acid) /Ac2O v/v 39:1], and the mixture was left to stir for 2 h at 0°C. The progress of the reaction was monitored by TLC analysis (10% Methanol/Dichlorometane). After completion, the mixture was poured into a beaker containing ice-water (100 mL), neutralized with solid NaHCO3, washed with H2O (2X50 mL) and brine (50 mL), dried (Na2SO4) and concentrated under reduced pressure to give the corresponding bromo peracetylated oligo-GM3(NeuGc) in quantitative yield (Figure x).
Glycosilation of acetyl-thio-nonanol with peracetylated oligo-GM3(NeuGc)
The bromide oligosaccharide was dissolved in CH2Cl2 (12.5 mL), and, after activated ground molecular sieves (4 Ä) and addition of acetyl-thio-nonanol (200 mg), the mixture was stirred for 3 h. The reaction mixture was then cooled to 0 °C, collidine (25 ul) and silver trifluoromethanesulfonate (200 mg) were added, and the mixture was stirred in darkness for 18 h. Progress of the reaction was monitored by TLC analysis with ethyl acetate/hexane, 1:1 by vol. as eluent. After completion of the reaction, solids were removed by filtration over celite. The filtrate was washed with H2O (2.75 mL), KHSO4 (1 N, 15 mL) and brine (75 mL) and then dried with Na2SO4 and concentrated in vacuum to give a yellow oil. Silica gel column chromatography with ethyl aceate/hexane, 1:3 by vol. as eluent was performed to purify the acetyl-thio-nonanol glycosilated with peracetylated oligo-GM3(NeuGc) as a clear oil (Figure 7). 
Deacetilation of oligo-GM3(NeuGc) linked to the acetyl-thio-nonanol

314 mg of the obtained compund was dissolved in 7.44 ml of Potassium idroxide (0.5 M in Methanol/Water0.1%), and the mixture was stirred overnight. TLC analysis (5% Methanol/Dichlorometane) revealed that the product was completely deacetylated. The reaction mixture was neutralized with Dowex/H+ and evaporated to dryness under reduced pressure (Figure 7).
Synthesis of oligo-GM3(NeuGc)-NPs

0.239 mmols of acetyl-thio-nonanol and 0.239 mmols of acetyl-thio-nonanol glycosilated with oligo-GM3(NeuGc) was resuspended in 16 ml of methanol and the pH value was adjusted to 1 by addition of trifluoroacetic acid. An aqueous solution of HAuCl4 (2.320 ml, 0.025 M) was added. Then, 1 M aqueous solution of NaBH4 (1.195 ml) was added in several portions with rapid shaking.

The black suspension formed was shaken for an additional 2 h and the methanolic layer was separated by decantation. The black solid was dissolved in water (700 L) and purified by centrifugal filtering (AMICON MW 10,000, 30 min, 14,000 rpm). The process was repeated twice, until the nanoparticles were free of salts and starting materials. The residue in the AMICON filter was dissolved in 500 L of water and lyophilised to recover oligo-GM3(NeuGc)-NPs.

Analytical procedures 
Ganglioside-bound sialic acid was determined by the resorcinol-HCI method [130, 131], pure Neu5Ac being used as the reference standard.

TLC of gangliosides was carried out on silica gel HPTLC plates using the solvent system chloroform/methanol/0.4% aqueous CaCl2/50mM KCl, 50:50:4:8 by vol. [132]. After TLC the gangliosides were made visible by sprayng TLC with different reagents: an anisaldehyde reagent followed by heating at 140°C for 15 min, a p-dimethylaminobenzaldehyde reagent followed by heating at 120°C for 20 min, and a 10% ammonium sulfate solution followed by heating up to 160°C. 

Quantification of the ganglioside spots was done with a Biorad 700 imaging densitometer.

Structural characterization of GM3 and GM3NeuGc was carried out by 1H-NMR at 500 MHz [133], by ESI MS/MS [134] and for the GM3NeuGc also by immunostaining procedure with the specific monoclonal antibody. 

Enzymatic hydrolysis of gangliosides was carried out with Vibrio cholerae sialidase and the formed products analysed by TLC [135].

Figure 7. Scheme of reactions to synthetise the acetyl-thio-nonanol glycosilated with the oligo-GM3(NeuGc) starting from GM3. 
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RESULTS

Isolation and lactonization of GM1 ganglioside

The bovine brain gangliosides mixture has been treated with Clostridium perfrigens sialidase in order to increase the GM1 quantity by the desialylation of the poly-sialo gangliosides.

The sialidase treated ganglioside mixture was applied to a LiChroprep RP18 column in order to remove salts and free sialic acid. 

The gangliosides mixture has then been loaded on a silica gel column chromatography and eluted with the solvent system chloroform/methanol/water, 60:35:8 by vol.. Following the chromatography elution profile by TLC, the fractions containing GM1 were collected, and GM1 was recovered by precipitation in cold aceton. 

By this procedure 20.5 g of GM1 with homogeneity 99.9% was obtained, established by TLC and negative ESI MS analyses (Figure 8).
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Figure 8. Negative-ion ESI mass spectrum of GM1 (C18:0, d18:1) and (C18:0, d20:1).
The purified GM1 was converted in the corresponding lactone as described in Materials and Methods section. The obtained GM1-lactone has been characterized by negative ESI-MS (data not showed). The yield of the GM1 lactonization reaction was 90% with a homogeneity of 98%.

Preparation of GM3 from GM1-lactone 

GM1-lactone under the experimental conditions reported in Materials and Methods gave GM3 ganglioside and a number of byproducts.

GM3 was purified to a homogeneity of 99.9% by silica gel 100 column chromatography and its structure was determined by high resolution proton NMR (Figure 9) and negative-ESI MS/MS (Figure 10). 

The yield of GM3 was 55% ± 5%. 
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Figure 9. 500 MHz 1H-NMR spectrum in DMSO-d6 at 3038K of GM3 ganglioside prepared by chemical hydrolysis of GM1-lactone.
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Figure 10  Negative-ion ESI mass spectrum of GM3 prepared by hydrolysis of GM1-lactone (a) and negative-ion ESI MS/MS spectra derived from ions at m/z 1179 (b) and 1207 (c).
Preparation of de-N-acetyl-GM3
The de-acetylation of GM3 is obtained in time-controlled alkaline conditions.

A lot of time has been spent in determining the correct time of reaction because if the aqueous base hydrolysis of GM3 with KOH solution is prolonged over 5 h the reaction afford not only deacetyl-GM3 but also deacetyl-lyso-GM3.
The reaction was followed by TLC (Figure 11).
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Figure 11. TLC analysis of the GM3 de-acetylation. lane 1:GM3 standard; lane 2: reaction mixture; lane 3: de-acetylGM3 standard. The TLC separation was performed with the solvent system chloroform/methanol/water, 50:42:11 by volume and detected by p-dimethylaminobenzaldheide reagent

The de-N-acetyl-GM3 was purified from the total hydrolysis reaction mixture by silica gel column chromatography, using the solvent system chloroform–methanol–formic acid 30:50:6 (v/v/v). Under these experimental conditions the yield of deacetyl-GM3 was 67%-70%. 
Chemical synthesis and characterization of N-Glycolyl GM3 

The N-Glycolyl GM3 was prepared by glycolylation of de-N-acetyl-GM3 with glycolic acid and GM3(NeuGc) was purified by column chromatography using Chlorophorm/Methanol/10M  NH4OH aqueous solution, 60:30:4 by volume, as solvent system. Its characterization has been performed by several approaches: TLC separation (figure 12), immunostaining with specific GM3NeuGc monoclonal antibody (figure 13), negative ESI-MS (figure 14) and MS/MS (figure 15), and NMR analysis (figure 16). The yield of the reaction was around 80%.
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Figure 12. TLC analysis of the GM3NeuGC. lane 1:GM3 standard; lane 2: de-N-acetylGM3 standard; lane 3: reaction mixture; lane 4: GM3NeuGc standard. The TLC separation was performed with the solvent system chloroform/methanol/5M aqueous ammonia, 50:42:11 by volume and detected by p-dimethylaminobenzaldheide reagent.
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Figure 13. TLC-immunostaining. GM3 and de-N-AcGM3 was used as negative control.
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Figure 14. Negative-ion ESI mass spectrum of GM3NeuGC (C18:0, d 18:1) and (C18:0, d 20:1). 


[image: image16.wmf]400

600

800

1000

1200

1400

1600

1800

2000

6,0

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

100

0

10

20

30

40

50

60

70

80

90

132NGGM3#1-715  RT: 

0,72-1,21  AV: 31 NL: 

1,29E7 F: - c Full ms2 

1223,80@50,00 [ 

335,00-2000,00] 

132NGGM3#1-715  RT: 

1,23-1,60  AV: 21 NL: 

7,72E5 F: - c Full ms3 

1223,80@50,00 

592,60@80,00 [ 

250,00-2000,00] 

Relative Abundance

m/z

MS3

MS3

MS2

MS2

[Cer

-

H]

-

–

(CH

2

O)

[Cer

-

H]

-

[GlcCer

-

H]

-

592

754

916

736

562

560

544

326

308

291

[Cer

-

H]

-

–

(CH

2

O) 

–

(2H)

[Cer

-

H]

-

–

(CH

2

O) 

–

(H

2

O)

C18:0

d20:1

[LacCer

-

H]

-

–

(H

2

O)

GM3NeuGc(C18:0,

d20:1)



[image: image17.wmf]200

400

600

800

1000

1200

1400

1600

1800

2000

2,0

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

100

0

10

20

30

40

50

60

70

80

90

348NGGM3#1-427  RT: 

3,21-3,54  AV: 22 NL: 

5,71E6 F: - c Full ms2 

1195,80@50,00 [ 

335,00-2000,00] 

348NGGM3#202-210  RT: 

3,63-3,78  AV: 9 NL: 1,13E5 

F: - c Full ms3 

1195,80@50,00 

564,60@80,00 [ 

160,00-2000,00] 

Relative Abundance

m/z

MS3

MS3

MS2

MS2

GM3NeuGc(C18:0,

d18:1)

[Cer

-

H]

-

[GlcCer

-

H]

-

564

726

888

708

[LacCer

-

H]

-

–

(H

2

O)

[Cer

-

H]

-

–

(CH

2

O)

534

532

516

324

308

263

[Cer

-

H]

-

–

(CH

2

O) 

–

(2H)

[Cer

-

H]

-

–

(CH

2

O) 

–

(H

2

O)

C18:0

d18:1

282


Figure 15. Negative-ion ESI MS/MS of GM3NeuGC. The upper panel shows the fragmentation spectrum of GM3NeuGC (C18:0, d 18:1), whereas the lower panel shows the fragmentation spectrum of GM3NeuGC (C18:0, d 20:1).
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Figure 16. NMR analysis of the GM3NeuGC. 500 Mhz 1HNMR spectrum in DMSO-d6 at 303°K GM3NeuGC and peak characterization.
Preparations of N-Glycolil-GM3 oligosaccaride chain.

To prepare the oligo-N-glycolil GM3 two different reactions were necessary.

The first reaction, the ozonolysis of GM3(NeuGc), allowed to brake the double bond of sphingosine portion of ganglioside forming an aldheide function group. The reaction was followed by TLC (figure 17).
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Figure 17. TLC analysis of the ozonolysis reaction products. lane 1:GM3(NEUGC) standard; lane 2: ozonolysis reaction mixture. The TLC separation was performed with the solvent system chloroform/methanol/0.3% aqueous CaCl2, 60:35:8 by vol. and detected by p-dimethylaminobenzaldheide reagent
To obtain free oligo-GM3(NeuGc) an alkaline treatment was carried out by adding triethylamine.

Oligosaccharidic chain was purified from the total reaction mixture by silica gel 100 chromatography using as solvent system Chloroform/Methanol/Water (30:50:13 by volume) yielded 73%.

The characterization has been performed by TLC separation (figure 18), by positive or negative ESI-MS and MS/MS (figure 19 and 20), and by NMR analysis (figure 21).
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Figure 18. TLC analysis of the free oligo-GM3(NeuGc). lane 1:GM3(NeuGc) standard; lane 2: alkaline reaction mixture; lane3: oligo-GM3(NeuGc) standard. The TLC separation was performed with the solvent system chloroform/methanol/0.3% aqueous CaCl2, 60:35:8 by vol. and detected by p-dimethylaminobenzaldheide reagent
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Figure 19. Positive-ion ESI MS and MS/MS of oligoGM3NeuGC. The upper panel shows the ESI MS spectrum of oligoGM3NeuGC, whereas the lower panel shows MS/MS fragmentation spectrum of oligoGM3NeuGC  that evidence the presence of glycolyl sialic acid.

[image: image23.wmf]OLIGOGM3NGC

#

1-83

RT:

0,01-0,72

AV:

13

NL:

4,11E7

T:

- c Full ms [ 50,00-2000,00]

200

400

600

800

1000

1200

1400

1600

1800

2000

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

Relative Abundance

m/z

Relative Abundance

MS1

MS1

648

[ M

-

H ]

-

oligoGM3NeuGc

[ 2M

-

H ]

-

1297

+ Na



[image: image24.wmf]OLIGOGM3NGC

#

1-83

RT:

0,24-0,62

AV:

23

NL:

6,27E6

F:

- c Full ms2 648,30@50,00 [ 195,00-2000,00]

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

Relative Abundance

m/z

Relative Abundance

MS2

MS2

306

fragment

(

NeuGc

)


Figure 20. Negative-ion ESI MS and MS/MS of oligoGM3NeuGC. The upper panel shows the ESI MS spectrum of oligoGM3NeuGC, whereas the lower panel shows MS/MS fragmentation spectrum of oligoGM3NeuGC that evidence the presence of glycolyl sialic acid.
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Figure 21: 500 MHz 1HNMR spectrum in DMSO-d6 at 303°K of oligoGM3NeuGc.
Peracetylation of oligo GM3(NeuGc).

In order to link the acetyl-thio-nonanol only to the anomeric carbon of the glucose, all the other hidroxyl groups of the molecule need to be protected by acetylation, a reaction that does not modify the hidroxyl group of the anomeric carbon atom because of its acidity.

This reaction was performed as described in Materials and Methods section. Peracetylated oligo-GM3(NeuGc) was purified from the total reaction mixture by silica gel 60 chromatography using as solvent system Acetic Acid/Dichlorometane (1:2 by volume) and the yield was 99%. 

The characterization has been performed by mass spectrometry (figure 22). 
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Figure 22. Negative-ion ESI MS and MS/MS of peracetylate-oligoGM3(NeuGc). The upper panel shows the ESI MS spectrum of peracetylate-oligoGM3(NeuGc), whereas the lower panel shows MS/MS fragmentation spectrum of peracetylate-oligoGM3(NeuGc). The peaks differing for 60 m/z evidence the loss of acetate group.
Chemical synthesis of acetyl-thio-nonanol

To synthetise the spacer allowing the attach of the oligo-GM3(NeuGc) to the gold nanoparticles the commercial 9-bromo-1-nonanol molecule has been subjected to a substitution reaction with the KS-acetyl. This reaction caused the substitution of the bromhide with the thioacetyl group. The acetyl-thio-nonanol was purified by silica gel 60 chromatography using as solvent system hexan/ethylacetate, 8:2 by volume and stored, after lyophilization, at –20°C.

The characterization was performed by mass spectrometry and NMR analysis (data not shown).

Bromuration of peracetylated oligo-GM3(NeuGc) and glycosilation of acetyl-thio-nonanol.

The linkage between the acetyl-thio-nonanol and the oligo-GM3(NeuGc) required the activation of peracetylated oligoGM3(NeuGc) by bromuration with HBr. The progress of the reaction was monitored by TLC analysis (solvent system : 10% Methanol/Dichlorometane) and stopped with solid NaHCO3 when the bromo peracetylated oligo-GM3(NeuGc) was obtained in quantitative yield. The instable bromide was immidiatly conjugated with the acetyl-thio-nonanol as described previously.
The reaction was followed by TLC analysis using ethyl acetate/hexane, 1:1 by vol. as eluent (figure 23). 
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Figure 23. TLC analysis of the glycosilation of acetyl-thio-nonanol reaction. lane 1: bromide; lane 2: glycosilation reaction mixture. The TLC separation was performed with the solvent system hexane/ethylacetate, 9:1 by vol. and detected by anisaldehyde reagent. 
Silica gel column chromatography with ethyl aceate/hexane, 1:3 by vol. as eluent was performed to purify the glycosilated acetyl-thio-nonanol, then analysed by NMR (figure 24). Yield was around 70%. 

[image: image29.wmf]
Figure 24. 500 MHz 1HNMR spectrum in DMSO-d6 at 303°K of glycosilated acetyl-thio-nonanol.

Finally the protective acetate groups have been removed thus obtaining the oligo-GM3(NeuGc) linked to the spacer carryng the thio-acetyl group necessary for the attachment to the gold nanoparticles.

Synthesis of oligo-GM3(NeuGc)-NPs

Colloidal gold particles were linked with both acetyl-thio-nonanol and acetyl-thio-nonanol glycosilated with oligo-GM3(NeuGc) molecules following a procedure described in Material and Methods. This procedure allowed the synthesis of the so-called oligo-GM3(NeuGc)-NPs.

By NMR analysis of the obtained nanoparticles, it is possible to recognize the signal of the glucose and galactose residues of the oligo-GM3(NeuGc) (figure 25).
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Figure 25. 500 MHz 1HNMR spectrum in D2O at 303°K of oligo-GM3(NeuGc)-NPs.

DISCUSSION

Sphingolipids, and in particular GSLs are typical components of the plasma membrane asymmetrically enriched in the external leaflet and they mediate several aspects of the interactions between a cell and the extracellular environment or other cells. They are known as cell surface antigens, as mediators of cell-cell recognition and cell adhesion and as modulators of several aspects of signal transduction processes involved in cell proliferation, differentiation and oncogenesis, and several lines of evidence point on the importance of GSLs in the formation and progression of tumors[53, 136] . 

In the interactions between tumor cells and the surrounding microenvironment, the relevant interface is represented by the surface of the tumor cell, the site where interactions between the cell and the extracellular environment are organized and transduced into signals able to modify the cell properties influencing the tumor phenotype.

More than 20 years ago[137], the pioneering work of Dr. Sen-itiroh Hakomori posed the basis that led to development of the concept of “aberrant glycosylation” as a general feature of human cancer. The term “aberrant glycosylation” describes an altered expression of oligosaccharide epitopes, associated with both glycolipid and glycoprotein antigens in human cancer. 

The GSLs expression and metabolism is dramatically changed during neoplastic transformation and tumor progression. The “aberrant glycosilation” includes both the over-expression and accumulation, in specific types of cancer, of specific GSLs normally present in human cells (as GD3, GD2 and GM3 gangliosides in melanoma, GD2 in neuroblastoma, Gg3 in lymphoma, fucosyl-GM1 in small cell lung carcinoma and globo-H in breast and ovarian carcinoma) and the the expression of gangliosides not found in normal human tissues [138].

As mentioned in the introduction, “aberrant glycosilation” include also differences in sialic acid composition between normal and tumor cells. In particular, the most common types of sialic acids found in vertebrates are N-acetyl (NeuAc) and N-glycolyl (NeuGc) neuraminic acids [139].
In general, the NeuGc residue is not expressed in human normal tissues, but it is widely present in other vertebrates [140, 141]. 

On the other hand, have been reported increased levels of GM3(NeuGc) ganglioside in human breast tumors [73], melanoma and neuroectodermal cancer cells [142], a finding that certainly makes this molecule an attractive target for cancer therapy.
Vaccine development is one of the most promising and exciting fields in cancer research; numerous approaches are being studied to develop effective cancer vaccines. 

The aim of this form of therapy is to induce an immunological memory in patients in order to allow the immune system to recognize the antigens expressed in tumor, but not in normal tissues and  destroy the abnormal cells, at the first stage of cancer onset, leaving the normal cells intact. 

One of the most promising hypothesis for cancer vaccines development is represented by the anti-idiotypic vaccines. This kind of vaccine is represented by a monoclonal antibody appropriately produced in a host species against a specific cancer marker, that could be considered as the “mirror image” of the antigen. After injection of this antibody into humans, the immune system generates a monoclonal anti-anti-idiotypic antibody (which will be the "mirror image of the mirror image”, thus mimicking the cancer marker). By activation of both B-cell and T-cell, the anti-anti-idiotypic antibody will induce an immunological memory. 

The key point for the success of this approach is to find the better way to induce the production of the most specific and efficient anti-idiotypic antibody. For this purpose the use of the cancer marker appropriately purified is not sufficiently safe, because it can cause the production of antibodies directed to different epitopes of the molecule in the host species.

Is thus necessary submit to the host the only immunogenic portion of the molecule that is changed in tumor cells in order to induce a specific immune response.

Several studies have been directed to find specific tumoral markers. The presence in tumors of molecules that are not present in normal human cells, made them excellent candidates as markers for the production of anti-idiotypic vaccines.

As already mentioned the breast, melanoma and neuroectodermal cancer cells, are characterized by the presence of the GM3(NeuGc), a ganglioside carrying the glicolil-neuraminic acid (NeuGc) instead of the acetyl-neuraminic acid (NeuAc), that is absent in normal human tissues. This feature makes this ganglioside an appropriate target for a cancer immunotherapy. 

However, since the oligosaccharide portion of the GM3NeuGc is not capable to induce an antibody response enough specific and efficient, it is necessary to develop an alternative mode to present the antigen, in order to set off a massive production of a specific antibody in the host species.

Moreover, in the literature was reported that short haptenic molecules, such as the trisaccharide antigen of the GM3(NeuGc), need to be presented as clusters [120] to induce a sufficient recognition by the antibody.

For all these reasons we decided to exploit a novel platform for the formulation of anti-cancer vaccines represented by the nanoparticles. In particular we synthesized gold glyco- nanoparticles (Au-GNPs) carrying the oligo-saccharide of GM3NeuGc.

The advantages of Au-GNPs are several. The Au-GNPs produced can be solubilized in sterile water solutions and so they are injectable in host species. The gold particle per se is not immunogenic, thus allowing the only production of the specific antibody aginst the selected epitope. Moreover, it is possible conjugate numerous oligosaccharidic chains to the gold particle, in order to obtain epitope’s clusters able to induce an immune response.

Beside all the mentioned positive aspects of the Au-GNPs uses, it is clearly necessary to evaluate the best operative conditions to produce glyco-nanoparticles feautured by the higher immunogenic potential.

For this reason, the Au-GNPs we produced, carried the oligo-GM3Neu(Gc) linked to the colloidal gold through a spacer of thio-acetyl-nonanole which warrants a better accessibility of the antigen. Moreover to improve this aspect colloidal gold particles were linked with both acetyl-thio-nonanol and acetyl-thio-nonanol glycosilated with oligo-GM3(NeuGc) molecules in the ratio 1:1 (Figure 26).

To obtain the best immune response, the length of the spacer and the ratio between spacer alone and oligo-saccharide conjugated spacer, can be modified.
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Figure 26. Structure of the oligo-GM3(NeuGc)-NPs.
The aim of this thesis was to synthesize the oligosaccaridic chain of GM3(NeuGc) and obtain an idiotypic antigen that mimics the oligosaccharide of GM3(NeuGc). 

The first part of this research involved the synthesis of the oligo-GM3(NeuGc) (α-Neu5Gc-(2-3)-β-Gal-(1-4)-β-Glc) starting from the natural GM1, obtained by extraction from bovine brain.

All the reactions conditions were set up to obtain the best yields. In fact in all the passages we obtained more than 70% of yield with the only exception of the synthesis of GM3 from the GM1-lactone, because this reaction is very sensitive to the presence of water, whose exclusion results quite difficult due to the high hydrophilicity of sulphuric acid used for the reaction.

The oligo-GM3(NeuGc)-NPs obtained will need further characterization, concerning the size of the nanoparticles and the number of bonds between the colloidal gold and both the acetyl-thio-nonanole and glycosilated acetyl-thio-nonanole.

This information is necessary to step in the next phase of this project, i.e. the use of this Au-GNPs to raise the production of anti-idiotypic antibody in animals.
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