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I.1. Overview of immune responses 

 

 Before presenting my research project, I will start with some fundamental reminders 

concerning general aspects of the immune system and its responses.  

The immune system is commonly conceived as the set of cells and molecules which participate 

to a concerted and tuned response against foreign substances, through a process called the immune 

response. These foreign substances encompass microbes as well as macromolecules (e.g. proteins, 

polysaccharides) and small chemicals, which are perceived through molecular recognition events as 

“non-self”.  

The entities which are subject to recognition processes by the immune system’s cell repertoire 

are called antigens (Ags), while the antigen’s domain which is recognized by immune-system’s surface 

receptors and molecules is referred as epitope (or antigenic determinant). Antigen recognition events 

constitutively occur in the context of the immune system, whose constant surveillance ensures a 

proficient discrimination between “self” and “non-self” entities. Antigens that succeed in stimulating 

an immune response are indicated as immunogens. Under certain circumstances also “self” antigens 

can act as immunogens, leading to so-called autoimmune responses.1  

Immunology studies the events triggered by the encounter of self- and non-self-antigens with 

cells and proteins of the immuno-repertoire, investigating their physiological and pathological 

consequences. More than 200 years after the first Jenner’s successful vaccination, immunology 

achieved outstanding results against common infectious diseases, and strongly improved the 

understanding of the human immune system thanks to techniques involving cell culture, 

immunochemistry, x-ray crystallography, recombinant DNA and genetically altered animals.2–5 

Immunity mechanisms and its principal “actors” will be next described. 

 

 

 

I.1.1. Innate immunity  

 

Innate (also referred as natural or native) immunity operates in the early stage of immune 

response by means of already existing mechanisms, which are reproduced every time the same kind 

of immunogen comes into play. As a consequence of pathogen pressures during evolution, innate 

responses are directed against antigen motifs that are shared across groups of pathogens, and may fail 

to result specific. For example, lipopolysaccharides (LPS), lipoproteins, peptidoglycan and lipoteichoic 

acids (LTAs) are molecules produced by bacteria but not by eukaryotic cells. They represent molecular 
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signatures of microbial invaders which recognition can signal the presence of infection. Because of the 

conservation of these recognition elements in the innate immunity, they are referred as pathogen-

associated molecular patterns (PAMPs), and their recognition is entrusted to a variegated class of 

“primitive” receptors, called pattern recognition receptors (PRRs). Epithelial barriers, phagocytic cells 

(neutrophils, macrophages), dendritic cells (DCs), natural killer cells (NK), innate lymphoid cells and 

blood proteins (natural antibodies, complement system members …) can be ascribed among the 

components of innate immunity, which represent the first barrier against microbes and play the 

fundamental role of antigen presenting cells (APCs, e.g. DCs, macrophages) (Figure 1).  

 

 

  

I.1.2. Adaptive immunity  

 

Alongside this type of immunity, which had its origins in early eukaryotes, vertebrates 

developed other immune responses with increasing magnitude and defensive abilities upon repeated 

exposures to immunogens. The so-called adaptive (also referred as specific or acquired) immunity 

allows the recognition and reaction towards a large variety of microbial and non-microbial substances 

(diversity), with an improved ability to discriminate between different substance (specificity) and a 

memory effect, which enables a strengthened response upon subsequent encounters with the same 

microbe. The cellular components of adaptive immunity are B- and T- lymphocytes. Cytokines are 

referred to a large group of secreted proteins with different structures and functions, they also 

regulate and coordinate the crosstalk between innate and adaptive immunity. Indeed, the host 

defense system integrates innate and adaptive responses in a cooperative fashion, in which 

mechanisms of innate immunity can trigger and influence adaptive responses (Figure 1).6  
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Figure 1. Components of innate and adaptive immunity. Innate immunity mechanisms represent the first barrier 
against infection; development of adaptive responses requires cross-talking events between these two types of 
immunity (vide infra). 

 

 

 

I.1.3. Passive/active immunity 

 

The process whereby an individual mounts a protective immune response, as a consequence 

of the exposure to a microbe, is referred as active immunity. Individuals and lymphocytes evolve from 

a naïve state, as they never encountered an antigen (they are immunologically inexperienced), to build 

an appropriate immuno-mediated response that, if successful, brings the individual to be immune 

towards the microbe threat. The activation of lymphocytes produces long-lived memory cells, which 

can survive for years after their generation. Those cells are more effective than naïve cells when the 

same “threat” is presented again, hence individuals are said to be immune.  

However, through a process called adoptive transfer, immunity can be temporary conferred to 

a subject by transferring serum or lymphocytes from a specifically immunized individual: in this case 

the immunity is referred as passive. This event occurs physiologically, for example by the transfer of 

maternal antibodies to the fetus. Nevertheless, passive immunity lacks the possibility to generate 

immunologic memory, and therefore does not prepare the immune system for a second encounter 

with the same pathogen. In a clinical context, passive immunization against toxins by administration 

of Abs from immunized animals represented a lifesaving treatment; the adoptive transfer technique 
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also improved the understanding of the set of cells and molecules responsible for mediating adaptive 

immunity.7,8 

 

 

 

I.1.4. Humoral adaptive immune responses  

 

Humoral and cellular (or cell-mediated) adaptive responses are described by the different 

components involved in the immuno-mediated clearance of pathogens such as, microbes, toxins, 

infected cells or cancer cells. Humoral immunity exercises its functions by means of molecules found 

in the bloodstream and mucosal secretions, called antibodies (Abs) or immunoglobulins (Igs).  

Antibodies bind to antigens, and the resulting complex is able to prevent their interaction with 

host receptors or trigger subsequent 

effector mechanisms. These glycoproteins 

are secreted by cells of the B lymphocyte 

lineage (plasma cells), or they can be found 

as membrane-bound receptors on B cells. 

All antibody molecules have common 

structural features, but display significant 

variability in the regions that bind antigens 

(Fab). Their structure is symmetrical, 

composed of two identical light chains and 

heavy chains. Heavy and light chains 

possess amino-terminal variable domains 

that are involved in the antigen recognition, 

and carboxy-terminal constant domains (Fc region) which mediate effector functions (Figure 2). Heavy 

and light chains, as well as the two heavy chains are covalently linked together by disulfide bonds in 

the constant regions; non-covalent interactions may also contribute to the heavy chain pairing. The 

presence of glycosylation patterns, especially in the Fc domain, play roles in structural conformation 

and during the interaction between Fc and their receptors.9–11  

 

The antibody-mediated neutralization of microbes and toxins can be carried out by preventing 

their binding to cell surface receptors, thus avoiding infection processes or toxin-mediated pathologic 

effects (Figure 3a).  

Figure 2. Structure of secreted antibodies 
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The complement system, composed by serum and cell surface proteins, whose highly 

regulated interaction lead to microbe elimination, can be activated through the interaction of C1 

protein with two or more Fc regions of antibodies bound to surface antigens (Figure 3b). The 

complement cascade activation culminates with the formation of several membrane attack complexes 

(MAC), which allow the free movement of water and ions across the membrane, causing osmotic 

swelling and cell rupture: this mechanism is referred to complement-dependent cytotoxicity (CDC).  

Antibodies coating a microbe can interact through their Fc portion with surface receptors 

(FcγRI) which belong to phagocytic cells, such as macrophages (Figure 3c). The signal transduction 

following the Fc interaction promotes phagocytosis and killing of the microbes, through a process called 

antibody-dependent cellular phagocytosis (ADCP).  

Antibodies coating surface antigen-expressing cells can also interact with Fc receptors of 

natural killer (NK) cells (FcγRIII), provoking the liberation of cytolytic granules; this process is referred 

as antibody-dependent cellular cytotoxicity (ADCC) (Figure 3d).  

 

 

Figure 3. Principal effector mechanisms mediated by antibodies. a) Antibody-mediated neutralization of 
micro-organisms and toxins. b) Complement-dependent cytotoxicity. c) Antibody-dependent cellular 
phagocytosis. d) Antibody-dependent cellular cytotoxicity.  

 

 Secreted antibodies represent the principal defense against extracellular microbes and their 

toxins (Table 1). In addition to Ag-specific antibodies that are produced during the adaptive response, 

a pool of spontaneously occurring Abs is present in healthy individuals.12 The antibody production of a 
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healthy, adult human is around 2-3 g per day, of which, almost two thirds is composed of the IgA class, 

found primarily in glandular secretions. IgM is the first class secreted after the antigen encounter, their 

concentration declines as IgG production accelerates. IgE are involved in immediate hypersensitivity 

reactions and defense against helminthic parasites. IgD are found as surface receptor in naïve B cells. 

IgG antibodies are the most effective in mediating phagocytic and cytotoxic effector mechanisms; 

moreover their serum half-life is remarkably higher than other classes (Table 1).  

Each Ig class member is associated to different effector function, depending on its Fc portion.13 

For example, in the early phase of the humoral response the majority of antibodies is represented by 

IgM isotype, lacking the support of ADCC and ADCP. A key aspect of B cells relies on their ability to 

tune their isotype secretion and produce mainly IgG antibodies, following a process known as isotype 

switching (vide infra).14,15  

Variations in the Fab region are related to the affinity of the interaction with the antigen. The 

Ab-Ag recognition process involves a non-covalent, reversible binding. The strength of the binding 

between the antibody and the antigen’s epitope is referred as affinity, commonly represented by a 

dissociation constant (Kd, expressed in mol·L-1 = M). Following the process known as affinity maturation 

(vide infra), antibodies can undergo somatic mutations in their Fab portions , and raise their affinity 

towards the epitope from an initial value of kd = 10-7 - 10-9 M to Kd values even smaller than 10-11 M.16  

 

 
Table 1. Human antibody isotypes. 

 

Class IgG1 IgG2 IgG3 IgG4 IgM IgA IgD IgE

CDC ++ + +++ - + + - -

ADCP ++ ± ++ + - + - -

ADCC ++ - ++ - - - - -

Serum conc. 
(mg/mL)

13.5 1.5 3.5 traces 0.05

Half-life (days) 23 5 6 3 2

Secreted form Monomer Pentamer Dimer - Monomer

Binding sites 2 10 4 2 2

M.W. (Da) 150000 900000 385000 180000 200000

% in plasma 75-85% 5-10% 10-15% 0.001% 0.001%
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Lymphocytes are the set of cells able to specifically recognize and respond to foreign antigens, 

and are involved both in humoral and cellular immunity. They develop from bone marrow stem cells, 

mature in the generative lymphoid organs (bone marrow for B cells and thymus for T cells), and then 

circulate through the secondary lymphoid organs (lymph nodes, tonsils, spleen, Peyer’s patches and 

mucosa-associated lymphoid tissue: MALT). Naïve lymphocytes are functionally quiescent, but if 

activated by antigens they proliferate and undergo through dramatic changes in phenotype and 

functional activity. They can be divided in different populations depending on their functions and 

receptors.  

B lymphocytes (naïve B cells) 

leave the bone marrow and complete 

their maturation in secondary lymphoid 

organs, where they may encounter 

foreign antigens or return to blood and 

recirculate. The main functions of B cells 

are production of antibodies, and they 

also act as APCs through recognition, 

internalization and processing of 

antigens. Survival of B cells is dictated by 

signals from B cell receptors (BCRs) as 

well as on inputs from cytokines (i.e. BAFF: B-cell activating factor of the TNF family). As we anticipated 

earlier, antibodies found on the surface of B cells (i.e. IgD, IgM) serve as receptor for the internalization 

of antigens (BCRs). The consequences of signaling by the BCR complex for the following responses of 

B cells vary with the nature of the antigen and co-stimulatory events (e.g. complement activation, PRRs 

triggering).17,18 Antibodies and BCRs can recognize as antigens almost every kind of biologic molecule, 

including simple intermediary metabolites, sugars, lipids and hormones, as well as macromolecules 

such as complex polysaccharides, phospholipids, nucleic acids and proteins. Antigens bearing multiple 

copies of a particular determinant interact with an overall strength that is greater than the sum of the 

single interactions; this phenomenon is broadly referred as avidity or multivalency effect. Multivalent 

antigens like polysaccharides can effectively cross-link many BCRs, causing their internalization and 

processing, and activating a series of mechanisms which culminates in B cell proliferation, expression 

of co-stimulatory membrane molecules and cytokine’s receptors (Figure 4).  

This kind of response, so-called “T-independent” (vide infra), does not lead to affinity 

maturation and generally results in the production of IgM antibodies and short-living plasma cells 

(Figure 4). In contrast, many globular protein antigens possess only one copy of each epitope per 

Figure 4. Functional activation of B cells by BCR clustering.  
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molecule, therefore limiting their ability of BCR cross-linking. Intriguingly, the humoral response of B-

cells can be tuned by another subset of lymphocytes (T-helper cells, vide infra). 

  

 

 

I.1.5. Cellular adaptive immune responses 

 

Cellular immunity is mediated by T lymphocytes (T cells).  Intracellular microbes (eg. viruses) 

which are able to survive and proliferate inside phagocytes, are not accessible to circulating antibodies; 

the evolutionary function of this type of adaptive response is meant to eradicate reservoirs of 

infection. Some T-cells also contribute to the clearance of extracellular microbes by recruiting effector 

leukocytes and by helping B cells to produce more effective antibodies. They can also respond by 

promoting phagocytosis or directly killing targeted cells.  

A fundamental difference from B lymphocytes is that T cells aren’t able to recognize antigens 

in their native form: they recognize peptides derived from processed proteins, which are presented 

upon host proteins called major histocompatibility complex (MHC). T cells are divided in four distinct 

populations: helper T-cells (TH), cytotoxic T lymphocytes (CTLs), regulatory T cells (TREG) and a small 

population called natural killer T cells (NKT).  

TH cells are involved in several 

innate and adaptive cellular responses: 

following interaction with antigen 

presenting cells (APCs), they are able to 

induce proliferation and differentiation of 

themselves, B cells, macrophages and other 

leukocytes through secretion of stimulatory 

cytokines (e.g. IL-2). They are also indicated 

as CD4+, as their coreceptor for the 

interaction between T cell receptor (TCR) 

and the complex antigen-MHC class II 

protein (Figure 5).  

CTLs destroy cells exposing peptide 

antigens in association with MHC class I 

proteins; because of the coreceptor associated to their TCR they are also called CD8+ (Figure 5).19 

Figure 5. Effector functions of TH (T helper) cells and CTLs 
(cytotoxic T cells) require the interaction with peptide 
antigens associated to MHC class I or II (major 
histocompatibility complex) molecules and involve co-
receptors such CD8 or CD4, respectively. 
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TREG cells modify their down-regulating activity towards effector T cells to maintain tolerance 

towards self-antigens and avoid over-reaction situations.  

NKT cells express invariant TCRs and other markers related to NK cells; unlike classical T cells they 

do not interact with MHC complexes, and show the ability to recognize lipids and glycolipids (e.g. α-

galactosylceramide). This still not well-known subpopulation is thought to modulate immunity in a 

broad spectrum of diseases, although NKT cells numbers vary substantially across individuals.20,21 

 

 

 

I.1.6. Antigen presentation 

 

Although innate immunity reactions involve effective mechanisms able to control and even 

eradicate threats such as infections (not discussed in the present manuscript), many pathogens and 

transformed cells resist to innate immunity. We therefore focused our attention towards those factors 

which allow triggering more competent adaptive immune responses.  

As discussed earlier, the three main mechanisms of adaptive immune response enclose: (i) 

secretion of Abs with increased affinity and efficacy towards the antigen of interest; (ii) enhancement 

of phagocytes activity; (iii) direct destruction of compromised cells.  

The first step to stimulate adaptive responses requires the proper capture, processing and 

display of antigens to lymphocytes by antigen-presenting cells (APCs). Dendritic cells (DCs) represent 

the most specialized cell type in this regard: they capture antigens from external environment to 

present them, in the secondary lymphoid organs, to naïve T cells. Other cells type can act as APCs at 

different stages of immune response (e.g. 

macrophages and B cells). The capture of microbes 

and subsequent digestion of their proteins is 

followed by the surface expression of microbial 

peptides (≈ 10 amino acid residues) in association 

with MHC molecules. The antigen processing 

mechanisms are arranged to generate peptide 

fragments which are suitable for their co-

expression with MHC molecules at the cell surface.  

Protein antigens present in the cytosol, 

usually synthesized in the cell, give rise to class-I 

associated peptides (Figure 6a). Peptide epitopes 

Figure 6. Pathways of protein antigens processing 
and presentation. a) MHC-I pathway. b) MHC-II 
pathway. It is noteworthy to observe that if the 
same protein undergoes through different 
pathways, the resulting MHC-associated peptide 
epitope may be different in terms of peptide 
sequence.  

a)

b)

Int. Ext.
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are obtained through proteasome-mediated degradation, in the cytosol. The abovementioned 

pathway occurs in all nucleated cells, indeed, protein molecules belonging to host phenotype (also 

those derived from viral transfection or mutations) are continually synthesized and degraded. The 

MHC-presentation of both self- and non-self-antigens allows the immune system to prevent the 

targeting of its own cells, and the recognition of infected or mutated cells. The epitopes obtained from 

the MHC-I pathway will interact with CD8-expressing lymphocytes.   

Antigens which undergo internalization from extracellular environment through vesicles of 

APCs are generally processed in endo-lysosomes; this pathway leads to the expression of peptide 

epitopes on MHC-II molecules, which are recognized by CD4+ cells (Figure 6b). Antigen-presenting cells 

such as macrophages, but especially DCs, express several surface receptors (PRRs) that are able to 

recognize structures shared by many pathogens (PAMPs); these receptors can efficiently bind and 

internalize a large variety of antigens, thus promoting their class-II MHC presentation. B cell receptors 

(BCRs) also represent an example of surface receptor able to bind a broad array of antigens with high 

affinity, causing their internalization, processing and expression through MHC-II complexes; therefore 

B cells can also be ascribed among APCs.  

DCs carry the antigenic cargo to draining lymph nodes, where naïve T cells recirculate, 

increasing the probability of their interaction. According to the clonal selection hypothesis,22 even 

before exposure to antigens, there is a large number of lymphocytes with different specificities for a 

panel of antigens in secondary lymphoid organs; each lymphocyte (and its progeny) with a common 

specificity is referred as a clone. Upon maturation, the expansion of the clones that better interact 

with the antigen is observed, increasing the magnitude of action and the effectiveness of the response.  

 

 

 

I.1.7. Interplay between innate and adaptive systems 

 

As mentioned above, T-cell’s functions are dependent on their physical interaction with other 

cells: they need to recognize antigens associated with MHC molecules upon the cell surface. However, 

the modulation of the signal is dictated by secondary interactions involving molecules induced in APCs 

as the consequence of a previous antigen encounter (co-stimulators), and by the signalling of secreted 

cytokines. These features ensure the adaptability and the amplification of the adaptive immune 

response. The expression profile of co-stimulatory molecules in resting APCs is limited, thus they 

cannot efficiently stimulate naïve T lymphocytes. During the innate immune response, following 

antigens internalization and cytokines release, APCs produce co-stimulatory molecules such as B7: this 
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represents a valuable example of how innate immunity can boost adaptive responses. In addition, T 

lymphocytes interaction with DCs, can amplify responses through a positive feedback mechanism 

which involves co-stimulatory protein expression.  

 

 

 

I.1.8. TH cell activation and licensing 

 

The first event in helper T-cell activation involves DC-mediated antigen recognition (with or 

without B7), which causes the expression of co-stimulatory CD40L on TH cells (Figure 7a). The binding 

of CD40L to CD40 increases the expression of B7 in DCs and stimulates cytokine secretion (e.g. IL-12). 

This causes the activation of TH proliferation and differentiation, and increases the expression profile 

of co-stimulatory B7, improving DC’s antigen presentation (Figure 7b-c). The phenomenon whereby 

activated T lymphocytes make APCs more powerful stimulators of immune responses is referred as 

licensing.   
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Figure 7. TH cell activation mechanism involves co-stimulatory molecules and second signals. Various 
receptors homologous to CD28 and their ligands homologous of B7 have been identified; these 
proteins regulate T cell response both positively and negatively and the outcome will depends on the 
balance between activating and inhibitory signals. 
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I.1.9. CTL activation 

 

Class I MHC pathway 

involves the processing of proteic 

antigens found in the cytosol 

(Figure 6a). Dendritic cells are able 

to capture and digest cells infected 

by virus or even tumor cells, and 

present their antigens in 

association with MHC-I molecules 

to CD8+ cells. This process is 

referred as cross-presentation, 

while the deletion of autoreactive 

CTLs is termed cross-tolerance. 

Although it seems to breach the 

rule that ingested antigens are 

presented bound to MHC-II 

molecules, in this case, the ingested 

antigens are degraded in proteasomes and follow the class I pathway (Figure 8). The complete 

activation of naïve CD8+ lymphocytes and their differentiation to functional CTLs and memory cells 

may require the participation of TH cells, which provide second signals such as co-stimulatory proteins 

expression and cytokine production. In the context of an acute innate response to a microbe, or if APCs 

are directly infected, the involvement of TH may not be necessary. The intervention of CD4+ helper T 

cells may be required for CD8+ CTLs in the setting of latent viral infections, organ transplants, and 

tumors, all of which have the tendency to elicit weak innate immune reactions. TH cells may indirectly 

promote CD8+ T cell activation by licensing dendritic cells, increasing their co-stimulatory protein 

expression and enhancing their capacity to stimulate CTL differentiation (vide supra). Through a direct 

interaction involving CD4+ TH cells, DCs and CD8+ CTLs, the production of interlukin-2 (IL-2) by helper T 

cells stimulates the differentiation of CTLs and the production of memory CD8+ T cells (Figure 8). The 

direct participation of TH cells can also beneficial in enhancing the cross-presentation process.23 For 

example, tumours contain thousands of potentially immunogenic neo-antigens caused by mutations.24 

Although, the occurrence of cross-tolerance have been reported on some tumor models, while in 

others, CTL responses resulted weak and localized in the lymph nodes.25,26 

 

Figure 8. DCs take up antigens by distinct endocytosis mechanisms 
(not shown). Antigens are presented to CD4+ cells through MHC-II 
complex and cross-presented to CD8+ cells by MHC-I. 
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I.1.10. B-cell activation  

 

Antigens are presented generally in its intact form to naïve B cells through BCRs, as mentioned 

before this represents a fundamental distinction between B and T cells. Antigen-mediated crosslinking 

of BCRs by T-cell independent antigens like polysaccharides and glycolipids, which normally display 

multiple identic epitopes, induces events such proliferation, increased expression of costimulatory 

molecules and cytokine receptors (Figure 4). Proteic antigens, once internalized through BCRs, are 

processed inside the B cell and presented upon MHC II molecules. In the lymph nodes, DC-activated 

CD4+ TH cells that express CD40L (Figure 7) can recognize the same antigen on MHC II of B cells and 

strongly activate their proliferation and differentiation in the germinal center, producing long-living 

Ab-secreting plasma cells and resting memory cells (Figure 9). B cell activation by TH cells also triggers 

isotype switching, by which IgM antibodies are replaced by the more effective IgG isotype, and affinity 

maturation, leading to a more specific population of antibodies.  

Therefore, T-dependent B-cells responses exploit at least two kinds of epitopes: (i) a surface 

epitope of variable nature, which is recognized and internalized through BCRs; (ii) an internal linear 

peptide which undergoes the MHC II pathway and is recognized by effector CD4+ cells. The antibodies 

that are produced are specific for the surface epitopes recognized by BCRs, leading to a fine humoral 

response which is independent of the fact that TH cells recognize restricted epitopes (linear epitopes of 

processed peptides). This principle is known as hapten-carrier effect and represents the basis for the 

development of conjugate vaccines: carbohydrate epitopes conjugated to proteins are recognized by 

BCRs, internalized and peptide epitopes resulting from the carrier protein are exposed through MHC 

II complexes, thus enabling TH cells to activate B cells, and to stimulate the production of high-affinity 

IgG Abs against the carbohydrate epitope itself. To stimulate an effective response, the hapten (e.g. 

saccharide epitope) and the carrier portion must be covalently linked rather than administered 

separately. The B-TH cells interaction is class II MHC restricted, so activated TH cells can only cooperate 

with B cells that present the same restricted antigen which was involved in the activation of naïve T 

cells. These last aspects will be further discussed along the manuscript.   
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I.1.11. Overview of immune responses - Conclusions  

  

In this section we outlined the main aspects of the immune response, to provide conceptual 

tools that are necessary to understand the rational basis of this work. A particular emphasis has been 

dedicated to the cardinal features of adaptive immune responses, which could be summarized as 

follows: (i) Specificity ensures the immune response to be directed against the targeted 

microbe/antigen; (ii) Diversity enables the spreading of the immune response towards a large variety 

of antigens; (iii) Memory increase the ability to fight relapses associated to the same antigen; (iv) Clonal 

expansion provides a larger number of antigen-specific lymphocytes; (v) Specialization generates 

clones with a more defined specificity for their antigen.  

Stimulating an effective adaptive immune response requires the cross-talking of several cells 

and molecules of the immune system repertoire. The antigen capture, processing and presentation 

are the first important events, which can be ascribed in the innate setting; these mechanisms both 

trigger and maintain adaptive responses. The complete activation of lymphocytes is associated to 

increased specificity and effector mechanism efficacy, thanks to the production of specific cytotoxic T 

cells and IgG antibodies.  

Mounting a proper adaptive immune response requires the orchestrated cooperation of 

several mechanisms; even though a comprehensive paradigm, which takes account of the multitude 

TH
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Figure 9. TH-mediated B-cell activation following the administration of a conjugate vaccine composed 
of a saccharide hapten, linked to a carrier protein containing CD4+ epitopes. 
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of these mechanisms is far from being elucidated, progresses in immunology has improved and saved 

countless lives all over the world, and are of primary importance for their clinical value. One of the last 

challenges in immunology relies on the exploitation of the immune system mechanisms for the 

treatment of cancer disease.  

 

 

 

  



17 
 

I.2. Anti-cancer immunotherapy 

 

The essential cornerstones of cancer therapy have historically been surgery, radiotherapy, and 

chemotherapy. When disease is identified early, and tumor is small-sized and confined to a limited 

area, surgical resection of solid tumors still represents one of the most frequent local therapeutic 

choices. Nevertheless, large invasive tumors, most metastatic diseases and haematological 

malignancies are substantially unresectable. Radiotherapy represents another fundamental local 

therapy, mostly exploited to prevent tumor recurrence after surgery, and often synergistically 

employed with chemotherapy. Although these two lasts strategies demonstrated their validity and 

saved number of lives, the long list of adverse effect to which they associate and the need of an 

enhanced selectivity towards the cancer threat, justify researcher’s involvement to find new tools for 

fighting against cancer. Moreover, it is now widely accepted that the better clinical results are obtained 

in multi-therapy settings.  

Over the last years, the immunotherapy approach has been rising in popularity due to its 

promising capabilities.27 In the broad sense of the term, cancer immunotherapy relies upon 

approaches that exploit the patient’s immune system to promote the selective eradication of tumor 

cells. The first documentation in this field occurred in 1893, when William Coley demonstrated that 

bacterial products (Coley toxins) and other crude immunostimulants could be beneficial in some solid 

tumor.28,29 From then on, it was necessary to wait until the 1970s for the spreading of this field, 

outlined by many approaches, involving tumor-specific monoclonal antibodies (mAbs),30 antibody-

drug conjugates,31 cytokines (e.g. IFN-α , IL-2),32 adoptive cell transfer (ACT),8 oncolytic viruses (OVs),33 

cell-based vaccines (e.g. Provenge®),34 and more. 

Immunotherapy against cancer involves three principal strategies: (i) Active immunotherapy 

educates the patient’s immune system to recognize tumor-associated antigens (TAAs) and rise an 

immune response in order to eliminate malignant cells; (ii) Passive immunotherapy uses exogenously 

produced components, such as lymphocytes or antibodies (Abs); (iii) Immunomodulatory agents 

enhance the immune responsiveness without targeting specific antigens.35–38 The abovementioned 

categorization represents a useful conceptual draft, however, some overlapping in these categories 

can be found. In this research work, we sought to pursue the active immunotherapy strategy for the 

design of anticancer vaccines, a topic that has posed many challenges but have been driven by constant 

progress in the understanding of cancer immunology and tumor’s microenvironment constitution.  

Anti-cancer vaccines have been first conceived in a therapeutic setting, where they are meant 

to reverse a tumoral cell invasion which has already taken hold. In this regard, they differ from the 

general concept of prophylactic treatment, where vaccines are employed as a prophylactic treatment 
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to prevent, for example, an infectious disease. Anticancer vaccines have been proposed as innovative 

components in multi-therapy settings, to elicit or boost antitumor immunity in patients that formerly 

underwent surgical resection of a primary solid tumor, when classic treatments demonstrated 

ineffective or unsuitable for the patient. This approach can be beneficial in preventing and prolonging 

the time of recurrence at the metastatic sites, with a minimal toxicity compared to other cytotoxic 

treatments, such as chemo- or radio-therapy.39 In this scenario, the first hurdle that therapeutic 

anticancer vaccines must face involves triggering an already embattled immune system, due to the 

immuno-compromised state of cancer patients, often worsened in case of elder people.  

 Malignant cells are always associated to a certain degree of mutations, giving rise to a panel 

of cancer-related epitopes. The immunosurveillance theory assumes that those mutations should 

trigger the immune system to promote the destruction of the cancer cells. Evidences that malignant 

tumor cells acquire the potency to evade on-going immune responses can be assessed by tumor-

induced mechanisms involving: (i) reduced immune recognition, (ii) increased resistance towards 

immuno-mediated clearance, and (iii) creation of a immunosuppressive tumor microenvironment, 

thus delineating a perspective in which several aspects need to be taken in consideration to adequately 

address cancer disease in immunotherapy contextes.40,41  

The current understanding of the immune response allowed to delineate some key aspects 

required to generate an effective immune response against TAAs (Figure 10). First, immunization with 

an anticancer vaccine can provide a powerful presentation of TAAs, which must be properly captured 

and processed by dendritic cells (DCs) (Figure 10a). Secondly, activation and/or maturation signals are 

required to allow DCs differentiation and migration to the lymph nodes, where they can present TAAs 

to naïve T cells trough MHC-I or MHC-II molecules. In the absence of immunogenic maturation stimuli, 

DCs will instead induce tolerance, resulting in T-cell depletion, anergy or the production of regulatory 

T cells (TREG). Small-molecule inhibitors of immunosuppressive factors released by tumors can be used 

to promote DC maturation and enhance the antitumor activity (Figure 10b).42–44 At the lymph node 

site, T cell expansion can be enhanced either by ACT (adoptive transfer of T cells specific for the TAA 

of interest)45 or administration of immunomodulators, such as mAbs (acting as agonists of co-

stimulatory proteins, e.g. CD40)46 and cytokines (Figure 10c).47 Finally, recent studies highlighted the 

clinical potential of checkpoint modifiers, able to prolong the cytotoxic T cell (CTL) activity by 

interfering with key immunosuppressive processes (Figure 10d).48  
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Clinical studies have experienced a better responsiveness among patients who have received 

less prior chemotherapy, suggesting that a lower tumor burden may imply an improved outcome.49,50 

Indeed, most phase I and II trials have been conducted so far in the late stage disease, and in the 

presence of a significant tumor burden after the failure of standard therapies. Intriguingly, it has also 

been suggested that many fundamental problems associated to the therapeutic effects of cancer 

vaccines, including the progressive development of heterogeneity in tumor related epitopes and the 

suppression or evasion to the immune response, could be overcome in the context of prevention, by 

priming the immune system to “anticipate” tumor antigens (in line with the common principle of 

prophylactic vaccination).51–53  

Recent studies, whereby tumor grow rates and overall survival of patients were investigated, 

indicated that classical response criteria adopted for cytotoxic chemotherapies may not be adequate 

to assess clinical responses to vaccine therapy, highlighting the importance of adapting current 

diagnostic methodologies to better understand the impact of anticancer immunotherapies.54–56 Even 

in the best-case scenario, the success of therapeutic and prophylactic anticancer vaccines will rely on 

researcher’s proficiency to face various challenges, which are not confined to the clinical context. Our 

approach to tackle anticancer immunotherapy belongs to an immunological chemistry context, where 

the design of anticancer vaccines requires a proper cross-talking between chemistry and biology.  
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I.2.1. Tumor-associated antigens 

 

 The importance of choosing the right antigen to develop anticancer vaccines represents a first, 

important challenge, which also prompted the understanding towards other key aspects. 

Following the achievements obtained by employing live attenuated pathogens vaccines, and 

because of the initial absence of defined tumor-associated antigens (TAAs), the first anticancer 

vaccines were constituted by whole tumor cells, previously inactivated.57 As this approach was tested 

in models able to better mimic human tumors, its resulting weak or absent immunogenicity led 

immunologists to decipher additional co-stimulatory signals required to activate T cells.58,59 In the case 

of whole tumor cell, TAAs are expected to be captured and processed along with auto-antigens. If 

activated DCs succeed in eliciting strong immune responses against the entire collection of epitopes, 

autoimmunity reactions will imply unwanted, detrimental and life-threatening consequences.60,61 

Moreover, the use of whole tumor cells, or complex mixtures of tumor-derived material, neutralizes 

the specificity of the vaccination approach.  

A desirable immune response should promote the destruction of cancer cells, without harming 

normal tissue. Therefore, many efforts have been made to identify tumor-specific antigens, which have 

been used for the realization of cancer vaccines which demonstrated its ability to generate tumor-

specific immunity and a memory effect, without giving rise to autoimmunity.62–64 Antigen-specific 

active immunization represents a more adequate approach not only in terms of safety, but also 

regarding reproducibility and scale-up production. A variety of epitopes derived from mucin 1 

(MUC1),65 HER/NEU,66 melanoma-associated antigen 3 (MAGE3),67 and many others, have been 

already subjected to extensive studies. In principle, antigen-specific immunotherapies which exploit 

narrow epitope specificity might lead to a less effective immune response; on the other hand, many 

of these antigens fall within the category of shared antigens, enclosing molecules that are expressed 

by many tumors and not normal tissues, or expressed also by normal tissues but in a different 

quantitative and qualitative manner (vide infra). Therefore, vaccines that include shared antigens can 

be envisaged for use in a large number of patients. Intriguingly, it has been shown in animal models 

and clinical trials that a vaccination against a single shared antigen is able to elicit an immune response 

which spreads towards other antigens on that tumor, a process known as epitope spreading.68–70  
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I.2.2. MUC1 and tumor-associated carbohydrate antigens (TACAs) 

 

 Among the abundance of shared tumor associated antigens, many research groups focused 

their interest on carbohydrate antigens related to the glycoprotein MUC1.71 This heavily glycosylated 

transmembrane protein is composed by two fragments: (i) a longer extracellular N-terminal subunit 

(i.e. MUC1-N, 250-500 kDa), featuring a tandem repeat region (VNTR: variable number tandem repeat) 

of multiple sequences of 20-21 amino acids, where serine and threonine (representing ≈ 40% of 

residues) constitute the anchorage sites for O-glycosylation; and (ii) a shorter transmembrane C-

terminal subunit (17-25 kDa). The two domains associate trough stable hydrogen bonds, at the 

extracellular portion of MUC1 C-terminal domain, which also represents its N-glycosylation region 

(Figure 11a). In healthy tissues, MUC1 is expressed in a large variety of glandular or luminal epithelial 

cells, its negatively charged sugar branches form a physical barrier with anti-adhesive and protective 

properties towards pathogens, changes in pH, desiccation and microbes.72–74 The aberrantly 

glycosylated version of MUC1 can be found overexpressed in most human epithelial cancer;75 it also 

represents a clinical marker for the detection of several types of cancer.76–78 The deregulation of the 

glycosyl transferase (e.g. β6-GlcNAc-transferase) machinery leads to hypoglycosylated, less polar 

structures which impact stability and localization of MUC1. One direct consequence of the cell polarity 

loss implies the redistribution of cell surface growth factors receptors (e.g. EGFR)79, normally located 

in the basolateral surface of epithelial cells, altering signal transduction and their local 

microenvironment (Figure 11b). Morphological and signaling modification of tumor-related MUC1, 

together with altered transcription of regulation genes, delineate the functional role in malignancy of 

this well-studied glycoprotein, which plays fundamental roles in phenomena such as tumor invasion, 

metastasis, angiogenesis, proliferation, apoptosis, drug resistance, inflammation and immune 

regulation.80–87   

 



22 
 

 

Figure 11. Normal (a), and aberrated (b) MUC1. 

 

Aberrated MUC1 tandem repeats (Figure 11b) display truncated sequences at O-glycosylation 

sites, exposing saccharide epitopes that are normally hidden in “healthy” mucins. These mono- and 

oligosaccharides attached through α-O-Ser/Thr linkages belong to a broader group, the so-called 

tumor-associated carbohydrate antigens (TACAs) (Figure 12).  

TACAs are among the most widespread antigens detected on cancer cell surfaces, they are 

commonly overexpressed as glycolipids (e.g. gangliosides) or glycoproteins (e.g. mucins) across 

different tumor types (Table 2).88–90 A natural, TACA-directed antibody response has been observed in 

some cancer patients.91 The improvement in survival rate of these patients has been correlated with 

the presence of anti-TACA antibodies, reinforcing the persuading possibility that a correct TACA 

presentation to the human immune system could lead to an adaptive immune response, enabling the 

selective eradication of TACA-displaying tumor cells.12,92–95  

Although TACAs are self-antigens, their inaccessibility and low expression on normal tissues 

represent the rationale for their utilization in anticancer vaccines design. Undertaking this route 

implies addressing chemical design strategies towards the conception of innovative vaccines. Before 

discussing in details the features that guided our research work, some fundamentals aspects related 

to the development of TACA-based anticancer vaccines will be examined. 
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Figure 12. Common TACAs structures. 

 

 

 

Table 2. Expression profiles of TACAs on malignant tissues. 

 

 

  

TACAs Lex SLex Ley SLea Tn TF STn Globo-H PSA
Fucosyl

GM1
GD2 GD3 GM2

B-cell lymphoma - - - - - - - - - - ✔ - ✔

Breast - - ✔ ✔ ✔ ✔ ✔ ✔ - - - - ✔

Colon - - ✔ ✔ - ✔ ✔ - - - - - ✔

Lung - ✔ ✔ - - - ✔ ✔ - - - - ✔

Melanoma - - - - - - - - - - ✔ ✔ ✔

Neuroblastoma - - - - - - - ✔ - ✔ ✔ ✔

Ovary - - ✔ - - ✔ ✔ ✔ - - - - ✔

Prostate - - ✔ - ✔ ✔ ✔ - - - - - ✔

Sarcoma - - - - - - - - - - ✔ ✔ ✔

Small cell lung - - - ✔ - - - ✔ ✔ ✔ - - ✔

Stomach ✔ ✔ ✔ ✔ ✔ ✔ ✔ - - - - ✔
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I.2.3. Key aspects related to TACA-based vaccines development 

 

 

 

I.2.3.1. Source of epitopes 

 

The isolation of TACAs from natural material represents an extremely arduous task; the first 

approaches in this field involved tedious and time-consuming operations to obtain the antigens of 

interest from highly heterogenic mixtures of sugar chains.96 The recent advances in glycobiology and 

synthetic organic chemistry allowed overcoming this primary aspect, and enabled the production of 

structurally intact TACAs in sufficient quantities and high purities. Strategies such as automated solid-

phase synthesis,97,98 iterative one-pot synthesis,99,100 glycal assembly,101 and chemo-enzymatic 

synthesis102 led scientist to reach complex arrays of glycans of biological interest with far less effort. 

These aspects will not be discussed in the present manuscript. 

 

 

 

I.2.3.2. Protein-carbohydrate interactions  

 

 Carbohydrates represent the most widespread class of biomolecules, they are ubiquitous in 

Nature: all cells, from prokaryotes to eukaryotes, are coated by a multifaceted array of glycans, called 

glycocalyx.103–105 Carbohydrates can be found as components of both surface and secreted 

glycoproteins and glycolipids, which are involved in a large panel of key biological processes such as 

fertilization, implantation, pathogen invasion, immune system activation, cell proliferation, and so 

on.106–109  Indeed, beyond their energetic (glycolysis) and structural (cell wall polysaccharides, nucleic 

acids backbone) functions, carbohydrates have been selected in nature to transmit biological 

information, which represent an essential activity for the cellular “social life”.  

 A distinctive feature of carbohydrate – protein receptor interactions rely on the multivalency 

effect associated to polyvalent saccharide epitopes; where valence (or valency) is referred as the 

number of distinct subunits which can interact with other systems. Most carbohydrate-binding 

proteins can associate to give oligomeric complexes able to interact either with multiple carbohydrate 

residues within a glycan or with multiple glycans on the cell surface (Figure 13). At the cellular surface, 

different mechanisms of interaction between carbohydrate-binding proteins and glycans can be 

described. Oligomeric proteins can interact with cell-surface glycans, even simultaneously with 
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different saccharide entities (Figure 13a,b). Soluble glycans or soluble proteins can interact with cell-

surface proteins or glycans, respectively (Figure 13c,d). Signal transduction events can be triggered by 

clustering events induced by interactions between soluble proteins or soluble glycans with cell-surface 

glycans or proteins, respectively (Figure 13e,f).  

In thermodynamic terms, multivalency provides an affinity enhancement that is greater than 

the sum of single contributions; this enhancement is also referred as avidity. Although it is widely 

accepted that multivalency allows functional activity enhancement of cell-surface carbohydrate-

protein interactions, it is noteworthy mentioning the importance of polyvalent interactions in the 

context of signal modulation (nonlinear dependence of the signal strength) and specificity.110,111 Non-

covalent, reversible, multivalent interactions allow the immune repertoire to sense a vast panel of 

“glyco-signatures” with an efficiency that would be lost in a scenario dominated by individual, high-

affinity interaction. In the last case, upon encounter between receptor and binding partner, multiple 

high affinity interactions would render binding irreversible; conversely, multivalent, low-affinity 

interactions allow the interaction to be reversible, thus for example, the same cell can interact through 

its receptors with a multitude of structures and even modulate the eventual signal transduction events.  

As we mentioned earlier (Figure 4), antigen-dependent signaling requires the clustering of B 

cell receptors (BCRs). Recent studies, performed by Kiessling and co-workers, suggested a model 

whereby the clustering of ligand-bound BCRs and unbound BCRs provides the means of sensitivity 

through which B cells transmit antigen signals into outcomes that range from immune response to 

tolerance.112 Accordingly, since protein-carbohydrate interactions are subjected to avidity effect, it is 

possible to mimic the so-called cluster glycoside effect by the chemical synthesis of multivalent 

structures grafted with carbohydrate units. These synthetic multivalent glycoconjugates are able to 

reproduce natural occurring interaction modalities, and offer the possibility to be tailored in terms of 

design, often giving rise to biologically relevant constructions.113–115  
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Figure 13. Different mechanisms of interaction between carbohydrate-binding proteins and glycans. a) 
Oligomeric protein interacting with individual cell-surface glycan. b) Simultaneous interactions with different cell-
surface glycans. c) Oligomeric proteins interacting with soluble glycans. d) Cell-surface glycans interacting with 
soluble oligomeric protein. Signal transduction mediated by clustering of e) cell-surface glycans by soluble 
proteins, or d) cell-surface proteins by soluble glycans. Adapted from Kiessling and co-workers, ACS Chem. Biol. 
2007.112      

 

 

 

I.2.3.3. Enabling TACA-directed humoral adaptive responses  

 

 In contrast to peptides and proteins, carbohydrate antigens alone fail to induce T-cell-

mediated immunity because they are unable to associate with MHC molecules. Therefore, the 

administration of TACAs alone can only weakly activate B cells, resulting in production of low-affinity 

IgM and short-living plasma cells (Figure 4).116 In order to induce B cells to produce specific IgG 

antibodies, the BCR clustering event must be followed by cytokine signaling (i.e. IL-4 and, to a lesser 

extent IL-13 and IL-10) from activated helper T cells.117 In carbohydrate-based vaccine design, a valid 

and well established method to achieve the full activation of B cells and trigger adaptive responses 

such as isotype switching, affinity maturation and production of long-living plasma cells and memory 

B cells, consists in associating the saccharide moiety with a protein carrier (hapten-carrier effect), 

which operates as source of CD4+ epitopes (Figure 9).  

As introduced in section I.1.2. (Adaptive immunity), the benefit of obtaining memory B 

lymphocytes relies on their rapid production of IgG antibodies following a second encounter with the 

antigen, highlighting the fundamental role of TH cells for the achievement of a long-lasting humoral 

adaptive response.118  

The inherent low immunogenicity of carbohydrate antigens is even more important in TACAs 

as they are self-antigens; therefore immunotolerance and immunosuppression are more easily 

b)

e) f)

a)
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inducted. Indeed, a fundamental hurdle for the development of effective TACA-based vaccines 

involves breaking the immunotolerance to achieve the production of isotype-switched, IgG anti-TACA 

antibodies. Extraordinary efforts have been made to overcome these obstacles; extensive literature 

reports have given evidences that is possible to break immunotolerance by an accurate design, rising 

the interest of the scientific community towards anticancer vaccines.93,119–126  

The following sections are focused on some representative, key examples in the domain of 

anticancer vaccines; with the aim to introduce the main design categories and the different strategies 

adopted for improving TACA-based anticancer vaccines. 

 

 

 

I.3. Syntheses and immunological properties of TACA-based anticancer 

vaccines: an overview 

 

 

  

I.3.1. Semi-synthetic approaches 

 

 

 

I.3.1.1. Vaccines featuring protein-carriers  

 

 Conjugating TACAs with protein carriers containing T cell epitopes represents an extensively 

used method for the construction of anticancer vaccines. Throughout the years, several kinds of 

proteins have been used, such as bovine serum albumin (BSA), human serum albumin (HSA), 

ovalbumin (OVA), tetanus toxoid (TTox), and keyhole limpet hemocyanin (KLH). TACA-based vaccines 

which use the protein-carrier approach can be classified in three main categories: (i) mono-TACA 

vaccines, containing one type of carbohydrate antigen, (ii) clustered mono-TACA vaccines, presenting 

one kind of TACA displayed in a clustered fashion, and (iii) hetero-TACA vaccines, displaying several 

types of saccharide antigens (Figure 14).  
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I.3.1.1.1. Mono-TACA vaccines based on protein-carriers  

 

As mentioned earlier, the first approaches for TACA-based vaccines relied on the utilization of 

extracted TACAs, in particular GD2, GD3, and GM2 (Figure 12).127 Helling and co-workers first 

established that it was possible to stimulate an improved immune response in mice models by 

administration of a GD3 antigen covalently linked to a carrier protein, in the presence of an adjuvant.96 

Glycolipid GD3 1, extracted from bovine buttermilk, was selectively cleaved with ozone at C4-C5 

double bond in the ceramide portion, in the presence of methylsulfide as reducing agent (Scheme 1). 

After RP-HPLC purification, GD3 2 was incubated for 48 h at 37°C to react with amino groups of 

different carrier proteins (i.e. KLH, BSA, OMP: outer membrane protein complex of Neisseria 

meningitidis), in the presence of sodium cyanoborohydride to reduce the formed Schiff bases. The 

average yield of GD3 conjugate vaccines 3-5 was estimated with a colorimetric resorcinol-hydrochloric 

acid method at 30% for each protein.128 The authors found that the utilization of keyhole limpet 

hemocyanin (KLH) as carrier protein, and QS-21 as adjuvant resulted in the best response, highlighting 

the importance of the “components” choice. Although this protocol allowed the production of anti-

GD3 IgM and IgG antibodies in mice models, and these antibodies proved able to react in vitro with 

human melanoma GD3-expressing cells, it failed to induce antibody production in humans.129 In an 

effort to increase the immunogenicity of the GD3 epitope, the same group chemically intervened on 

the GD3-KLH conjugate 3 to obtain the lactone form (GD3-L-KLH) (Scheme 1), which led to the 

production of specific anti-GD3-L antibodies. These Abs were able to cross-react with purified 

melanoma GD3, and melanoma cell surface GD3.130 The authors suggested that the increased 

immunogenicity was due to low-level expression of GD3-L in normal tissues, which favoured its 

recognition by the immune system, or because of conformational features induced by the lactone 

moiety.131 These findings revealed that modified TACAs were able to stimulate the production of 

antibodies capable to react with native TACAs. 

 

Mono-TACA Clustered mono-TACA Hetero-TACA

Figure 14. Different design strategies for semi-synthetic vaccines. 
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Danishefsky’s research group represent one of the leading team in the field of semi-synthetic 

anticancer vaccines; over the years, the group have synthesized several TACA structures, including 

globo-H, Lex, Ley, MUC-1, Tn, TF, and more.132–139 Advances in organic synthesis methodologies not only 

allowed the preparation of complex TACAs,96-101 but also prompted the research towards new and 

more efficient bioconjugation chemistries, paving the way for the semi-synthetic approach towards 

anticancer vaccine design.140  

 The synthesis and evaluation of a globo-H-KLH conjugate vaccine by Danishefsky and co-

workers represent an illustrative example in the context of semi-synthetic monomeric vaccines.141 The 

modified globo H antigen 7 was prepared by total synthesis through the glycal assembly approach 

(Scheme 2).132 The semi-synthetic construct with KLH was obtained by two different methods. The first 

method involved the reductive linkage of the aldehyde 8, resulting from ozonolysis of the allyl moiety 

of 7, to the amino groups of KLH. The conjugation ratio obtained for the resulting mono-TACA vaccine 

9 was estimated around 373:1, in 7% yield. The second method involved the utilization of a 4-(4-N-

maleimidomethyl)cyclohexane-1-carbonyl hydrazide bifunctional linker (MMCCH), which was reacted 

KLH BSA OMP

; ;

3 4 5

1

2

6

Scheme 1. Synthesis of GD3-protein conjugates. Conditions: [a] O3, MeOH, -78°C, 30 
min., then CH3SH, -78°C for 30 min., then r.t. for 90 min. ; [b] PBS (pH 7.2), NaCNBH3, 
37°C for 48 h. ; [c] CH3COOH, 37°C, 4 h, 80% conversion to lactone form. GD3:protein 
weight ratio is 0.69, 0.77 and 0.93 for 3, 4 and 5, respectively.  
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with aldehyde 8 through reductive amination to give maleimidated globo-H 10. KLH was treated with 

2-iminothiolane, which converts amino groups to sulfhydryl groups, to afford thiolated KLH 11. 10 and 

11 were incubated for 2 h at room temperature to afford mono-TACA vaccine 12 through thiol-

maleimide coupling, in 29% yield.142 The authors reported an estimated conjugation ratio (n) of 732:1 

for vaccine 12. Vaccines 9 and 12 were administered to human patients with metastatic breast cancer, 

along with 100 µg of QS-21. The generated IgM response was strong, independently of the conjugation 

strategy. Although, low IgG titers were observed. Nevertheless, vaccines 9 and 12 were well tolerated, 

and IgM antibodies able to react towards globo-H-positive tumor cells via CDC and ADCC.    

 

 

 

 

 Kunz and co-workers also greatly contributed to the protein-carrier approach for the 

conception of anticancer vaccines displaying mucin-related TACAs.143 The aberrated glycosylation of 

MUC1 (Figure 11b) also expose the peptide backbone from the extracellular tandem repeat region, 

suggesting its influence in altering the glycopeptide epitope conformation.144,145 In one of his works, 

Kunz’s research group reported synthesis and immunological evaluations of a semisynthetic vaccine 

candidate composed of the tumor-associated MUC1 tandem repeat sequence Pro1-Ala2-His3-Gly4-Val5-

Thr6-Ser7-Ala8-Pro9-Asp10-Thr11-Arg12-Pro13-Ala14-Pro15-Gly16-Ser17-Thr18-Ala19-Pro20, including one copy 

of the STn disaccharide antigen at Thr6, conjugated to the tetanus toxoid (TTox) carrier protein (13) 

(Figure 15).146  

7

8

9

1011

12

Scheme 2. Synthesis of globo-H-protein conjugates. Conditions: [a] O3, MeOH, -78°C, 30 
min., then CH3SH, -78°C for 10 min., r.t. for 120 min.; [b] PBS (pH 7.2), NaCNBH3, 37°C for 48 
h; [c] AB (pH 5.5), MMCCH, NaCNBH3, r.t., 2 h; [d] 2-iminothiolane, thiolation buffer (50 mM 
triethanolamine, 0.15 M NaCl, 5 mM EDTA, pH 8.0), r.t., 2 h; [e] PBS (pH 7.2), r.t., 2 h. 
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     Figure 15. MUC1(STn)-TTox conjugate vaccine by Kunz and co-workers. 

 

The fully protected glycopeptide sequence 14 was synthesized by solid phase peptide synthesis 

(SPPS) using the TentaGel® resin, pre-functionalized with a trityl-anchored Fmoc-protected proline 

(Scheme 3). Fmoc-protected amino acids were coupled using HBTU/HOBt as activating agents,147 while 

for the introduction of the glycopeptide building block 15148 a procedure involving a HATU/HOAt 

system was chosed.149 The resulting sequence 14 was further functionalized with the Fmoc-protected 

triethylene glycol linker 16, following the acid-mediated cleavage from the resin with concomitant 

deprotection of acid-labile amino acid protecting groups, to afford partially protected glycopeptide 17 

in 61% overall yield after RP-HPLC purification. Hydrogenolysis of the benzyl ester and base-catalyzed 

deacetylation resulted in fully deprotection of the STn moiety, with a 40% yield over two steps. The 

terminal amino group in the linker moiety was then reacted with diethyl squarate 18 in a 

water/ethanol mixture, in the presence of sodium carbonate (pH 8) to efficiently afford the mono-

amido ester 19. During diethyl squarate coupling (DSC), the mono-substitution reaction can be easily 

controlled by using one equivalent of primary or secondary amine under mild conditions, as those 

reported.150 The generated mono-squaramide results less reactive probably because of its increased 

aromatic stabilization, compared to dialkoxysquarate 18. The conjugation of 19 with TTox was thus 

performed through unsymmetrical DSC, by reaction in aqueous sodium hydrogen phosphate buffer at 

pH 9.5 for three days; ultrafiltration allowed the removal of unreacted ester 19 and few milligrams of 

conjugate vaccine 13 were obtained.  

 

13

TTox
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Scheme 3. Synthesis of conjugate vaccine candidate 13. Conditions: [a] 1. Fmoc removalϞ, 2. Fmoc-AA-OH, HBTU, 
HOBt, DIPEA in DMF, 3. CappingΩ; [b] 1. Fmoc removalϞ, 2. 15 (2 eq.), HATU, HOAt, NMM in NMP, 4 h, 3. CappingΩ 
[c] 1. Fmoc removalϞ, 2. 16 (10 eq.), HATU, HOAt, NMM in NMP, 20 min, 3. CappingΩ; [d] 1. Fmoc removalϞ, 2. 
TFA/TIS/H2O (10:1:1), 1.5 h, 61% overall yield; [e] 1. H2, Pd/C (10%) in MeOH, 24 h, 2. aq. NaOH (pH 11.5), 16 h, 
40% yield over two steps; [f] 18, Na2CO3 (pH 8), EtOH/H2O (1:1), 1.5 h, 95% yield; [g] TTox, aq. Na2HPO4 (pH 9.5), 
3 d. Fmoc removalϞ = 20% piperidine/NMP; CappingΩ = Ac2O, HOBt (cat.), DIPEA in NMP. 

 

The conjugation ratio (n, figure 15) of the glycopeptide over the TTox protein could not be 

precisely determined by MALDI-TOF spectroscopy because of the high molecular weight of the protein 

(≈ 150000 g mol-1). Through a comparative ELISA assay (using the serum of a mice previously 

immunized with a STn-containing vaccine) between 13 and a well characterized glycopeptide-BSA 

conjugate obtained from 19 (with n = 7),151 the authors estimated that at least 20 copies of 

glycopeptide were conjugated onto TTox. Immunization of 10 Balb/c-mice with 20 µg of 13 with 

complete Freund’s adjuvant induced a strong immune response in all mice, with high antibody titers. 

To investigate the specificity of the immune response, the serum extracted from one of the immunized 

15

14

17

16

18

19

13
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mice underwent neutralization experiments. The aforementioned STn-MUC1-BSA conjugate (n = 7) 

was coated onto a 96-well plate and the serum was incubated for 1 h at 37°C with glycopeptides 20-

27 (Figure 16).  

 

 

 
 

 The binding of untreated mice serum was completely neutralized after incubation with 

glycopeptide 21, which is the antigen contained in vaccine 13. Interestingly, also glycopeptides 22-25, 

containing the same MUC1 peptide sequence and crucial parts of the STn disaccharide, inhibited the 

induced antibodies to a considerable extent. Conversely, compounds 20, 26 and 27, featuring 

unglycosylated MUC1, TF antigen and 2,3-sialyl-TF, respectively, showed a weak binding even despite 

including identical peptide sequences. This study enabled a possible application of vaccine 13 for 

immunization in humans.  

It is noteworthy to mention that Theratope® vaccine, composed of a STn-KLH conjugate plus 

QS-21 as adjuvant, was tested in phase III in more than 1000 women with breast cancer and has proven 

to be safe, nevertheless no improvement in survival rate was observed. Kunz and co-workers provided 

a valid design strategy which enabled the production of high titers of tumor-specific antibodies by 

employing MUC1(STn) glycopeptide (21) as B-cell epitope, grafted of TTox carrier protein and 

administered with the Freund’s adjuvant.  

20 21

22 23

24 25

26 27

Figure 16. MUC1 glycopeptide antigens synthesized with a similar procedure according to 14.  
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I.3.1.1.2. Clustered mono-TACA vaccines based on protein-carriers  

 

 In the frame of clustered monomeric vaccines, Danishefsky’s research group reported 

synthesis and immunological evaluations of a clustered Tn-based conjugate vaccine (30), where a 

cluster of three threonine-linked Tn antigens (28) was conjugated to the KLH carrier protein (Scheme 

4).152 

 

 

 
 

 The clustered B-cell epitope 28, containing a terminal sulfhydryl group was obtained by 

chemical synthesis. KLH protein was treated with m-maleimidobenzoyl-N-hydroxysuccinimide ester 

(MBS) to obtain maleimidated KLH 29, which subsequently underwent thiol-maleimide coupling to give 

vaccine 30. The epitope ratio (n) was determined by high-pH anion-exchange chromatography with 

pulsed amperometric detection (HPAEC-PAD) assay for carbohydrate after acid hydrolysis;153 two 

batches of 30 were obtained, with an epitope ratio of 201:1 and 648:1, respectively. The clustered 

vaccine 30 was tested in comparison with its monomeric version; C57BL/6 female mice were 

immunized three times with 3 µg of Tn-based vaccine plus 10 µg of QS-21. Previous reports by Kurosaka 

et al. (A monoclonal antibody that recognizes a cluster of a disaccharide, NeuAcα2→6GalNAc, in 

mucin-type glycoproteins) and Nakada et al. (Epitopic structure of Tn glycophorin A for an anti-Tn 

antibody) suggested that a clustered display of STn and Tn antigens allows an improved recognition by 

mAbs MLS 102 and MLS 128, respectively.154,155 Danishefsky and co-workers demonstrated that 

clustered Tn-KLH conjugate 30 (Scheme 4) is consistently a better form of Tn for inducing high titers of 

antigen-specific IgG and IgM, which are able to bind two sources of naturally expressed Tn (i.e. dOSM: 

desialylated ovine submaxillary mucin, and LSC: a human colon cancer cell line that express Tn but not 

MUC1).  

KLH

28 29

30

Scheme 4. Synthesis of clustered Tn-KLH conjugate vaccine 30 by Danishefsky and co-
workers. Conditions: [a] MBS, DMF, r.t., 30 min.; [b] DMF, r.t., 3 h.   
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Following the same design approach, the Danishefsky group carried out a clinical trial on 20 

patients with biochemically relapsed prostate cancer by administering clustered TF-KLH conjugate 

vaccine 31 (Figure 17).156 

 

 

 
  

 Two batches of 31 were obtained: with an estimated epitope ratio (n) of 466:1 (batch A) and 

579:1 (batch B). Four cohorts, each composed of five patients, were vaccinated with different doses of 

31 along with 100 µg of QS-21: 1 µg (batch B), 3 µg, 10 µg and 30 µg (batch A). The toxicity of this 

vaccine formulation was comparable to that observed in previous trials, where other TACA-KLH 

conjugates plus QS-21 were administered. All patients developed TF-specific IgM and IgG (mainly IgG1 

and IgG3, determined by ELISA). Overall, the IgM and IgG titers at the 1 µg and 3 µg doses were at least 

as high as at the higher doses. Once again, clustering appears to be a valid way to mimic the way 

“simple” antigens, expressed on epithelial but not normal tissues.157 

 

 

 

I.3.1.1.3. Hetero-TACA vaccines based on protein-carriers 

 

 Mono-TACA vaccines have shown promising results in early clinical trials, nevertheless this 

approach does not take account of the inherent heterogeneity of TACAs expressed on transformed cell 

surface.88 Danishefsky, Livingston and co-workers hypothesize that the combination of different 

carbohydrate antigens, associated with a particular cancer type, could be beneficial for the induction 

of a more potent immune response, reducing the ratio of tumor cells that can undergo 

immunoevasion. The initially envisaged strategy consisted in the administration of pooled mono-TACA 

KLH-based conjugate vaccines, containing up to seven different TACAs.158,159 Although this approach 

enabled the production of antibody titers against each individual antigen (to a similar extent, 

compared to Abs obtained through immunization with single TACAs), several fundamental limitations 

discouraged this route. Firstly, the pooled mono-TACA vaccine approach requires the use of increased 

levels of carrier protein, which could be detrimental and may contribute to variable clinical 

31

KLH

Figure 17. Clustered TF-KLH conjugate vaccine by Danishefsky’s 
research group. 
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responses.160 Consequently, the vaccine mixture would require the validation of each monomeric 

component for its clinical application. Finally, due to the low-yielding antigen-protein conjugation step, 

this route results not so efficient from a synthetic point of view.  

The intriguing idea of developing hetero-TACA-based anticancer vaccines required strong 

efforts for the chemical synthesis of key building blocks, namely glycosylamino acids, which have been 

exploited in the cassette assembly, described by Danishefsky and co-workers.161,162 As described in 

Scheme 2, the first generation of semi-synthetic mono-TACA conjugated vaccines were obtained by 

reductive amination between the aldehyde group on the carbohydrate moiety, obtained through 

ozonolysis of the terminal allyl group, and lysine amino group of KLH. The allyl glycoside was achieved 

through epoxidation of the glycal moiety, as depicted in scheme 5. 

 

 

 
 

 This strategy presents some disadvantages due to the instability of the allyl moiety towards 

the conditions required for the global deprotection, which require its introduction at the late per-

acetate stage of the carbohydrate synthesis. Moreover, the glycal epoxidation step shows moderate 

stereoselectivity, causing a loss of material at a late stage of the synthetic pathway.132 Nevertheless, 

this protocol has constituted the basis for the development of three methods which has served for 

reaching TACA-based glycosylamino acids (Scheme 6).  

 

  

 
 

Protected
Carbohydrate

Carbohydrate

Protected
Carbohydrate

Protected
Carbohydrate

Protected
Carbohydrate

Protected
Carbohydrate

Protected
Carbohydrate

Protected
Carbohydrate

Protected
Carbohydrate

a) From pentyl glycosides b) From allyl glycosides c) From glycosyl donors

Cross-metathesis

Horner-Emmons Glycosylation

Glycosylamino acid

Scheme 5. Synthesis of allyl glycosides from protected glycals. 

Scheme 6. Methods for preparation of glycosylamino acids by Danishefsky and co-workers. 
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 The first method (Scheme 6a) involves the utilization of the more stable pentenyl glycoside, 

which allows for the glycal functionalization at a much earlier stage compared to the allyl ether 

protocol, thus reducing the impact of the chemical loss associated to the glycal epoxidation step. After 

ozonolysis of the terminal olefin, the resulting aldehyde is reacted under Horner-Emmons conditions, 

by using a Boc- and TSE-protected phosphonate, in the presence of 1,1,3,3-tetramethylguanidine 

(TMG) as base to give a dehydroamino acid, as shown. Subsequent enantioselective reduction of the 

double bond by means of an enantiopure phospholane, namely 1,2-bis((2S,5S)-2,5-

diethylphospholano)ethane(cyclooctadiene)rhodium(I) tetrafluoroborate, followed by protecting 

group manipulation, leads to the desired glycosylamino acid.163 The second method (Scheme 6b) starts 

with the olefin cross-metathesis between protected allyl glycoside and allyl glycine in the presence of 

ruthenium catalyst. Reduction of the resulting olefin, with concomitant benzyl ester deprotection 

provides the glycosylamino acid building block. Despite the drawbacks related to the allyl glycoside 

synthesis (vide supra), this route exploits the commercially available enantiopure form of allyl glycine, 

with no need to introduce a stereocenter.164 In the third method (Scheme 6c) the amino acid 

functionality is directly introduced by coupling the glycal epoxide, or the trichloroacetimidate donor 

with hydroxynorleucine in the presence of a Lewis acid. Although this method allows for the direct 

introduction of the amino acid moiety, its efficiency is still limited by the need to synthesize 

hydroxynorleucine and the moderate stereoselectivity of the glycal epoxidation.165 Despite their 

limitations, each of these three methods has been used to obtain TACA-based glycosylamino acid, 

where the carbohydrate moiety is separated from the amino acid stereocenter by a four- or six-carbon 

linker. In earlier reports a trivalent-hetero-TACA vaccine, incorporating globo-H, Ley and Tn antigens 

gave a proof of concept by allowing the production of antibodies against the three antigens, which 

strongly reacted with the MCF-7 breast cancer cell line (32, Figure 18).166 A first generation of 

pentavalent-hetero-TACA vaccine, comprising globo-H, Ley, STn, TF and Tn antigens has proved its 

effectiveness compared to its relative pooled monomeric formulation; nevertheless, only a minimal 

response against the Ley antigen was observed (33, Figure 18).167 The authors suggested that the low 

response was due to the nature of Ley, as its high endogenous expression levels make this antigen less 

effective, compared to those that are naturally present only at low levels. In 2009, the Danishefsky 

group reported the synthesis and preclinical data of a second-generation pentavalent-hetero-TACA 

vaccine, where the Ley antigen was replaced with GM2 antigen (34, Figure 18).168    
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 The choice of replacing Ley antigen with the tetra-saccharide GM2 was based not only for its 

presence in several cancer types (Table 2), but also taking into account previous studies, showing that 

(i) GM2-induced antibodies are reactive against human GM2-positive cells, and (ii) that a correlation 

between those antibody levels and survival rate could be traced.91,169 The first step for the synthesis of 

the complicated “unimolecular pentavalent vaccine” involved the preparation of the glycosylamino 

acids 35-39 (Figure 19), by using the procedures described in scheme 6. In order to minimize steric 

hindrance phenomena, compounds 35 and 36 were synthesized with a six-carbon spacer. These 

variants were obtained through the cross-metathesis procedure (Scheme 6b) by starting from pentyl 

glycosides.170,171 The rational of the designed synthetic route involved the positioning of the TACAs 

from the smallest (i.e. Tn) to the largest (i.e. globo-H) through a sequential assembly, with the aim to 

reduce the loss of the more complex antigens by introducing them at a later stage of the synthesis 

(Scheme 7).    
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Figure 18. Multimeric TACA-based vaccine by Danishefsky and co-workers. 32: 
“unimolecular trivalent vaccine”. 33: first generation “unimolecular pentavalent 
vaccine”, n = 228. 34: second generation “unimolecular pentavalent vaccine”, n 
= 505.   
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 The synthetic route to 34 started with the coupling of the tert-butyl-N-(3-

aminopropyl)carbamate linker on cassette glycosylamino acid 36. Subsequent iterative Fmoc-removals 

and glycosylamino acid couplings, involving 38, 37, 35 and 36, respectively, afforded fully protected 

intermediate 43, with a 57% yield over nine steps. The Fmoc protecting group of 43 was cleaved and 

substituted with an acetate, then Boc-deprotection and functionalization of the resulting free amino 

group with a S-acetylthioglycolic activated ester, followed by global deprotection under Zemplén 

conditions, gave the “unimolecular pentavalent glycopeptide” 44 with a 68% yield over five steps. 

Another objective of the authors was to increase the protein-conjugation efficiency. Therefore, they 

adopted a slightly modified procedure compared to their precedents works (See scheme 4), in which 

KLH protein was reacted with m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (Sulfo-MBS) in 

pH 6.0 phosphate buffer for 1 hour, to give pure maleimidated KLH 45 after G25 Sephadex column 

purification. Freshly prepared glycopeptide 44 was passed through TCEP gel immediately prior to use, 

in order to minimize the amount of the putative disulfide oxidation by-product. Then, conjugation 

between 44 and 45 was carried out in PBS at pH 6.5–7.0. After 4 hours reaction and removal of 

unreacted 44 by a 30·000 M.W. cut-off filter, pentavalent-hetero-TACA vaccine 34 was obtained in 50% 

yield, and the recovery yield was approximately 98%. By using this modified procedure the authors 

achieved a more efficient glycopeptide:KLH conjugation ratio of 505:1, compared to the 228:1 ratio 

obtained for vaccine 33 (Figure 18). Five female mice (C57BL/6J) were immunized with vaccine 34 (10 

µg) plus QS-21 (20 µg) and the collected sera, along with pre-immunization sera, underwent ELISA 

assays to assess IgM and IgG titers associated with each of the five TACAs. While none of the pre-

vaccination sera showed reactivity against the five antigens, post-immunization sera contained 

substantial titers of antibodies, which proved to be reactive against each of the five TACAs, thus 

indicating that the immunological properties of the single TACAs were conserved when integrated in 

this complex vaccine construct.   

(P)Globo-H
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(P)TF
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35
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Figure 19. TACA-based glycosylamino acids synthesized by Danishefsky and co-workers for the 
preparation of the second generation “unimolecular pentavalent vaccine” via cassette assembly. (P) = 
protected.   
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I.3.1.1.4. Problems associated with protein carriers 

 

 Despite these important results obtained in the field of chemical immunology, the carrier-

protein approach suffers from some limitations. The TACA-protein conjugation chemistry represents a 

first, problematic aspect of the semi-synthetic strategy. In early models, as seen for GD3-protein 

conjugates,  the sugar moiety underwent ozonolysis at the ceramide portion to give an aldehyde group 

which allowed the conjugation to the amino groups in the KLH protein (Scheme 1).96 Another classical 

and broadly employed method for oligosaccharide-protein conjugation involves the reductive 

amination between the open-chain aldehyde of the sugar reducing end and the amino groups of the 

protein.172 The first alternative conjugation methods exploited modified carbohydrate containing 

linkers, such as maleimide, able to react more efficiently with thiol groups of protein’s Cys residues.173 

As illustrated over the various examples in this section, the TACA:protein conjugation ratio (n, see 

(P)Tn

(P)TF

(P)Tn

(P)TF

(P)Tn(P)STn

36 40 41

(P)TF

(P)Tn(P)STn

(P)GM2

(P)Globo-H

(P)TF

(P)Tn(P)STn

(P)GM2

42 43

Globo-H

TnSTn

GM2 KLH
44 45

34

TF

Scheme 7. Synthesis of multimeric vaccine 34. Conditions: [a] tert-butyl-N-(3-aminopropyl)carbamate (1.3 eq.), 
Coupling₪, 93%; [b] 1. Fmoc removalϞ, 2. 38 (1.02 eq.), Coupling₪, 94% over two steps; [c] 1. Fmoc removalϞ, 2. 
37 (1.07 eq.), Coupling₪, 96% over two steps; [d] 1. Fmoc removalϞ, 2. 35 (1.05 eq.), Coupling₪, 83% over two 
steps; [e] 1. Fmoc removalϞ, 2. 36 (1.1 eq.), Coupling₪, 82% over two steps; [f] 1. Fmoc removalϞ, 2. Ac2O, 
pyridine, r.t., 1 h, 3. 20% TFA/CH2Cl2, r.t., 3 h, 4. pyridine, S-acetylthioglycolic acid pentafluorophenyl ester (8.0 
eq.), r.t., 24 h, 5. 0.3M NaOH (aq.), MeOH, r.t., 72 h, TCEP 1 h, 68% over five steps; [g] Sulfo-MBS, PBS (pH 6.0), 
r.t. 1 h; [h] PBS (pH 6.5-7.0), N2 atmosphere, r.t., 4 h, 50%. Coupling₪: EDC·HCl, Et3N, HOBt, DMF/CH2Cl2 (1:1), 
r.t., 1.5-24 h. Fmoc removalϞ: 5% piperidine/DMF, r.t., 2 h. 
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figure 15, 17, 18, and scheme 2, 4.) is difficult to control, giving rise to batches with different TACA 

densities, and therefore leading to ambiguities in composition and structure. Moreover, due to the 

high molecular weight of carrier proteins (e.g. KLH = 8.6 x 106) the characterization of the semi-

synthetic constructs remains challenging. Following the general rule that a higher loading of tumor-

associated antigen is associated to a stronger immune response, it is clear how the conjugation control 

and the characterization of conjugate vaccines play central roles for ensuring efficient and 

reproducible immune responses. 

 

The nature of the linker employed for the conjugation of the carbohydrate moiety to the 

carrier protein also represents an important aspect which has immunological consequences. Boons 

and co-workers found that the widely employed cyclohexyl maleimide linker was responsible for the 

reduced immune response towards a Ley-KLH conjugate vaccine in mice (Figure 20).174 It is widely 

known in literature that a maleimide function is susceptible to hydrolysis, even at slightly basic pH. 

Despite the stabilizing effect of the neighboring cyclohexane moiety, it has been demonstrated that 

hydrolysis occurs after only 2 hours at pH 7.0.175,176 The authors reported the production of anti-linker 

IgG and IgM antibodies and reasoned that this epitope-suppressing immune response was directed 

against the hydrolyzed maleimides and not against the “internal” ones, underlining that the extent of 

functionalized maleimides was about 80%. 

 

 

 
 

 Another major drawback associated to the utilization of a protein carrier concerns their 

inherent high immunogenicity, which can lead to the hapten-specific immune suppression, a 

n

n

Ley antigen

Immunogenic
linker

Internal
maleimide

Hydrolyzed
maleimide

Figure 20. Ley-KLH vaccine conjugate by Boons and co-workers 
showing the hydrolyzed maleimide function, which caused 
antigen suppression.  



42 
 

phenomenon known as carrier-induced epitope suppression (CIES).177,178 Proteins like KLH, TTox and 

non-toxic bacterial toxin mutants contains several MHC-II epitopes; in CIES, interference is thought to 

arise from competition between haptens (peptides or saccharides) bound to carrier proteins for a 

limited number of carrier-specific primed helper T cells. As result, the antibody response to the carrier 

is increased, while the antibody production against the hapten is suppressed. This situation is 

exacerbated in case of repeated vaccination with the same carrier protein, and has inspired 

researchers to find alternative carriers and approaches.   

 

 

 

I.3.1.2. Alternatives to protein-carrier delivery 

 

I.3.1.2.1. Virus-like particles 

 

 Virus-like particles (VLPs) are non-infectious multiprotein structures which mimic envelops or 

capsids of authentic native viruses, but lacking the viral genome.179 They do not need attenuation or 

inactivation procedures, and their potency can be enhanced if immunosuppressive native viral-

proteins are excluded from the VLPs composition. Their highly repetitive surface makes them strong 

inducers of B-cell responses through efficient cross-linking of BCRs, even in the absence of adjuvants.180 

Peptide epitopes presented on the surface of viral capsids can stimulate adaptive responses by 

efficiently activating APCs; therefore VLPs represent interesting tools for the patterned display of 

TACAs and are able to increase their immunogenicity.  

Huang and co-workers selected the cowpea mosaic virus (CPMV) capsid, which can be isolated 

in gram quantities.181,182 They built a vaccine construct by loading sixty copies of Tn antigen onto a 

chimeric CPMV (i.e. S-CPMV,  46),183,184 where cysteine residues were incorporated to provide thiol 

groups, suitable for the antigen conjugation trough thiol-maleimide coupling (Scheme 8).185  

 

 

 
 

46 47 48

S-CPMV

Scheme 8. Synthesis of Tn-S-CPMV conjugate vaccine 48 by Huang and co-workers. Conditions: 
[a] 0.1 M PBS (pH 7.0), 20% DMSO, 4°C, 12 h.  
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 The Tn-derivative 47 was incubated with purified S-CPMV 46 for one night at 4°C in potassium 

phosphate buffer (PBS, pH 7.0) with 20% DMSO. Unreacted 47 was then removed by 

ultracentrifugation. The authors employed the same procedure to graft fluorescein derivatives onto 

the S-CPMV scaffold, confirming the assumption that 60 ± 10 unities were successfully conjugated on 

the viral capsid. To assess the presence of the Tn moiety on construct 48, protein-binding studies with 

the GalNAc-specific lectin SBA (soybean agglutinin) were performed. The UV-visible spectroscopy 

experiments were further confirmed by TEM (transmission electron microscopy), revealing the 

presence of aggregates when SBA and 48 were mixed, but not with unconjugated S-CPMV. 

Immunization studies were carried out in C57BL/6 female mice, 500 µg of 48 in the presence of 

complete Freund’s adjuvant were administered. The collected pre- and post-vaccination sera were 

analyzed for binding to the MCF-7 breast cancer cell line by FACS (fluorescent assisted cell sorting), 

showing reactive IgG titers production to a similar extent to those obtained from the clustered Tn-KLH 

conjugate 30, described by Danishefsky, Livingston and co-workers. The antibodies generated were 

also able to recognize the multidrug resistant breast cancer cell line NCI-ADR RES, suggesting the 

validity of this approach as innovative therapeutic agent in chemical immunology. 

 In another report, Finn, Blixt and co-workers demonstrated that a variety of carbohydrate 

antigens (including globo-H and sLex) grafted on CPMV carriers, were able to generate a large amount 

of polyclonal IgY antibodies (the functional equivalent of mammalians IgGs) in chicken models.186  

 

 

 

I.3.1.2.2. Gold nanoparticles 

 

 Gold nanoparticles (GNPs) have recently emerged as interesting tools in the context of cancer 

treatment due to their ability to penetrate blood vessels and tissue barriers, and the possibility to be 

easily functionalized to promote their selective uptake by the cells of the immune system.187–190 Along 

with active vectorization of GNPs, several physicochemical factors, such as size, shape, surface charge 

and hydrophobicity/hydrophilicity play important roles in terms of bio-distribution, cellular 

interactions and cellular infiltration. For example, it has been reported in literature that the optimal 

particle size for DCs uptake was less than 500 nm. Since the traffic to the draining lymph nodes is size-

dependent, large particles (500–2000 nm) are taken up by peripheral APCs at the injection site, while 

small nanoparticles (20–200 nm) are internalized in lymph nodes-residing DCs and macrophages.191  

In the frame of TACA-based anticancer vaccine design, Davis, Cameron and co-workers 

described the synthesis and immunological evaluation of glycopolymer-stabilized gold nanoparticles 
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based on Tn antigen (Scheme 9).192 Despite the native structure of Tn antigen implies its presence on 

the mucin peptide backbone, the authors suggested that presenting the sugar moiety (αGalNAc) in a 

multivalent manner might result in a nanoparticle able to mimic the cell surface of a Tn-expressing 

cancer cell, thus achieving an effective anticancer vaccine.      

  

 

 
 

 Starting from glycal donor 49, the azido-galactopyranosyl trichloroacetimidate 50 was 

achieved in three steps with a 36% yield. Glycosylation of N-(2-hydroxyethyl)-2-methacrylamide 

(HEMAm), following one-pot Staudinger reduction of the azido-moiety and acetylation of the resulting 

amino group gave a anomeric mixture of protected precursor of 51, which after separation and 

methanolysis afforded the key building block 51 in gram scale, ready to undergo reversible addition-

fragmentation chain transfer polymerization. In scheme 9, an example of Tn-antigen glycan 

monocomponent homopolymer is reported. The authors also produced statistical copolymers of 51 

and PEGMA (poly(ethylene glycol) methyl ether methacrylate) to vary the degree of antigen density. 

To obtain GNPs coated with Tn-antigen polymers, solutions of HAuCl4 (0.5 mM), glycopolymers (5.0 

mM) and sodium borohydride (50 mM) were combined, stirred for 2.5 hours and purified by centrifugal 

filtration. Immunization of New Zeland White rabbits with Tn-based GNPs or free Tn-based polymer 

revealed a high IgG production for the Tn-GNP constructs and low or negligible response for the 

polymer form of Tn-antigen. The resulting antibodies were reactive towards different mucin 

glycoproteins bearing the Tn antigen, giving the proof of concept that this peptide-free vaccine was 

able to produce IgG antibodies. The authors also highlighted a relationship between degree of 

carbohydrate density and immune response, with an optimum of 20-25 Tn units per polymer chain.  
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Scheme 9. Preparation of Tn-antigen gold nanoparticles by Davis, Cameron 
and co-workers. Conditions: [a] NaN3, CAN, CH3CN, -20°C, 30 h, 80%; [b] 
PhSH, DIPEA, CH3CN, r.t., 1 h, 72%; [c] K2CO3, CCl3CN, CH2Cl2, r.t., 8 h, 62%; 
[d] TMSOTf, Et3N, Et2O/CH2Cl2 (2:1), -20°C, 30 min., 80%; [e] DPPE, CH2Cl2, 
r.t., 1 h, then Ac2O, DMAP, Et3N, H+ resin, 55% α-anomer; [f] K2CO3, MeOH, 
65%; [g] CPADB, ACVA, 70°C, 48 h, 51-75%; [h] HAuCl4, NaBH4, r.t., 2.5 h.   
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I.3.1.2.3. Zwitterionic polysaccharides 

 

Another promising alternative to carrier proteins for the construction of TACA-based 

anticancer vaccines has been exploited by Andreana and co-workers.193 Zwitterionic polysaccharides 

(ZPSs) are carbohydrate structures isolated from the capsule of commensal anaerobic bacteria, which 

are able to trigger T-cell dependent immune responses.194 PS A1 is the most abundant ZPS extracted 

from B. fragilis, composed of a tetrasaccharide core repeating unit, with a molecular weight of 

approximately 110 kDa (≈120 repeating units). In this context, few ZPSs have been exploited in 

vaccinology, including: PS A2 and PS B from B. fragilis, Sp 1 from from Streptococcus pneumoniae, and 

CP 5/8 from Sthaplylococcus aureus. 

Experimental observations revealed that the processing and presentation of PS A1 result in a 

MHC-II – PS A1 complex, in a different but similar way compared to peptide antigens. An effective 

antigen presentation requires fragments of approximately 12-15 kDa, and the presence of both 

positive and negative charges on monosaccharide units is indispensable for maintaining the T-cell 

stimulation ability.195–197   

 Following this line, Andreana and co-workers designed anticancer vaccines based on TACAs 

(i.e. Tn, STn) by using PS A1 as carrier.198,199 PS A1 fragment 52 was obtained through large-scale 

fermentation by using Bacterioides fragilis NTCT 9343 and treated with 0.5 equivalents of sodium 

periodate in 0.10 M acetate buffer (pH 5.0) to provide an aldehyde handle on the D-galactofuranose 

residue (Scheme 10).200 Despite the presence of a trans-diol, only vicinal diol oxidation was observed 

because of its higher reactivity under periodate oxidation conditions.201 To this solution, KCl was added 

in order to remove the excess of periodate as insoluble KIO4. Addition of α-aminooxy-Tn 54 afforded 

Tn-PS A1 vaccine construct 55 after 18 h reaction. Treatment of intermediate 53 with α-aminooxy-STn 

56 in similar conditions gave STn-PS A1 57. The tumor-associated antigen loading was determined 

using 1H-NMR integration (observed loading = 11%) and by means of a resorcinol-based colorimetric 

method (observed loading = 10%), which can be translated in an average mole ratio TACA:PS A1 of 

24:1.128 Immunization of C57BL/6 mice with 55 (10 µg) in the presence of TiterMAX® Gold (TMG®, 50 

µL) adjuvant enabled the production of IgG antibodies (mainly IgG3) which were specifically reactive 

towards Tn hapten. Immunological evaluation of STn-PS A1 vaccine 57 (20 µg) on C57BL/6 mice gave 

better results in the presence of Sigma adjuvant system (SAS, 20 µg) than TMG. Previous reports 

showed that the presence of monophosphoryl lipid A (MPL), the main component of SAS, is able to 

conserve the immunostimulatory activity of lipid A with a decrease in toxicity; while TMG® is less toxic 

but also less effective in triggering antibody production than SAS.202,203 Sera obtained from mice 

immunized with 57 + SAS contained a substantial amount of IgG antibodies  which resulted reactive 
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towards STn-positive human breast cancer cell line MCF-7 and the ovarian cancer cell line OVCAR-5, 

but failed to react with normal human mammary cell line MCF-10A. Even if the dose ratio of PS A1 

content was 9-fold greater than the STn moiety, ratios of anti-PSA1/anti-STn IgG and IgM antibodies 

were smaller than the dose ratio, indicating a relatively balanced T cell response which is unlikely to 

cause epitope suppression. Conversely, the IgG ratio of KLH/STn obtained from Theratope® Phase III 

report was about 60:1.204  

 

 

  
 

 

 

I.3.1.3. Semi-synthetic approaches - Conclusions 

 

In this section, a panel of strategies to overcome the problems associated to the semisynthetic 

protein-carrier approach has been presented. Still today, the lack of a fine TACA-protein conjugation 

control and the problems associated to the characterization of the resulting vaccine construct, 

together with other difficulties related to the inherent immunogenicity of protein carrier themselves 

penalize important aspects of protein-conjugated vaccines. Uniformity in terms of TACA display should 

be reachable and properly detectable, since a reproducible and well characterizable vaccine construct 

impacts its effectiveness.  

52

56

57

54

55

n ≈ 120

M.W. ≈ 110 kDa

53

Scheme 10. Synthesis of entire carbohydrate anticancer vaccines 55 and 57 by Andreana and co-workers. 
Conditions: [a] NaIO4 (0.5 eq.), 0.1 M NaOAc (pH 5.0), r.t., 1.5 h, then KCl (5.0 eq.); [b] 0.1 M NaOAc (pH 
5.0), r.t., 18 h.  
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Highly immunogenic protein carriers can be replaced with different carriers (e.g. VLPs, GNPs, 

ZPSs), capable to give rise to T-cell dependent immune reactions and generate specific anti-hapten IgG 

antibodies with reduced toxicity and epitope suppression phenomena. A more tailored approach 

would allow for a better design of TACA-based anticancer vaccines by addressing both molecular and 

immunological aspects. For example, by introducing a multivalent TACA display, the enhancement of 

BCR clustering should translate in improved antigen uptake and processing. Also, the carrier, which 

has both the role of CD4+ epitope source and scaffold for the TACA’s display, can be reduced to its 

essential parts to provide a suitable and well-defined tool.  

In the next section the fully-synthetic approach will be presented and discussed along with 

representative literature examples, including a brief “state of the art” of the laboratory which hosted 

my PhD project. 

 

 

 

I.3.2. Fully-synthetic approaches 

 

 Along with the semisynthetic approach, where synthetic glycans are conjugated to protein 

carriers, a fully synthetic approach has been conceived to face the limitations of the first strategy.92–

94,124 The main feature of this new approach, which relies entirely on chemical synthesis, involves the 

replacement of the protein-carrier with precise CD4+ TH oligopeptide epitopes, to ensure a T-

dependent TACA-directed immune response. Accordingly, the covalent linking of a TACA moiety to a 

short CD4+ peptide epitope represents the most simple fully-synthetic TACA-based anticancer vaccine 

design strategy.  

The utilization of non-immunogenic synthetic scaffolds allows for tuning the display of both B- 

and T-cell epitopes in terms of density, spatial distribution and valency.205 Concerning the TACA moiety 

display, three types of spatial architectures have been employed: (i) glyco-dendrimers with globular 

tertiary structure, (ii) glyco-clusters assembled on organic templates (e.g. cyclopeptides) and (iii) glyco-

clusters or single glycans arranged in linear or branched architectures.  

Synthetic vaccines rely on a modular approach: different building blocks or units can be 

separately obtained and subsequently assembled. They are conceived to be devoid of any unnecessary 

element which could negatively influence vaccine characterization, epitope distribution and 

immunological outcome. The resulting fully-synthetic constructs are smaller entities compared to their 

semisynthetic analogues, enabling a more reliable characterization by classic techniques (e.g. mass 

spectrometry, chromatography, NMR…). The superior conjugation chemistry control allows for 
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monodisperse and reproducible structures, by means of a large repertoire of orthogonal, 

chemoselective, and “click” reactions to facilitate the assembly of the different subunits.206,207  

Several research groups adopted the fully-synthetic approach. In the next sections, some of 

the most representative examples in this area of anticancer vaccines will be presented.  

 

 

 

I.3.2.1. Two-component (TACA-CD4+), fully synthetic anti-cancer vaccines 

 

Leclerc and co-workers paved the way for the fully-synthetic approach in TACA-based 

anticancer vaccines. In 1997, they prepared a glyco-dendrimer, namely multiple antigen glycopeptide 

(MAG), displaying the Tn antigen in its α-GalNAc-Ser form.208 Inspired by the multiple antigen peptide 

(MAP) described by Tam in 1988,209 the MAG construct (58, figure 21) is composed of a core scaffold 

featuring oligomeric branched lysines (in blue), which are functionalized with four peptide fragments 

from polio virus (PV103-115 : KLFAVWKITYKDT, in green) as CD4+ epitopes, and four Tn antigen copies (in 

orange).210  

 

 

 

 

 The synthetic strategy for assembling the MAG involved a conventional solid-phase peptide 

methodology which started with the attachment of the β-alanyl spacer on the Wang resin (Synthesis 

not shown). The subsequent coupling with two levels of Fmoc-Lys(Fmoc)-OH residues, afforded a 

dendrimer-like core scaffold with four amino groups, which were further elongated with protected 

AAs of the PV103-115 sequence. The protected building block 59211 was ultimately conjugated to the PV’s 

amino termini in a divergent manner, following cleavage from the resin and global deprotection, to 

afford fully synthetic vaccine prototype 58. It is noteworthy mentioning that the molecular weight of 

the entire construct corresponds to 8014 Da, allowing a precise characterization by mass spectrometry 

58

59

Figure 21. Multiple antigen glycopeptide (MAG) by Leclerc and co-workers (58), 
and protected (Ser)Tn building block (59).  
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and analytical RP-HPLC. Moreover, the TACA (i.e. (Ser)Tn) ratio over the entire vaccine corresponds to 

0.15 in terms of molecular weight. Performing the same operation on semi-synthetic vaccine prototype 

30 (Scheme 4), knowing that n = 648 (conjugation ratio) and M.W. of KLH ranges between 6000-7500 

kDa, the resulting ratio corresponds to 0.08, thus highlighting not only the superior precision of the 

MAG construct, but also its improved TACA ratio over the entire molecule. 

Preliminary B-cell antigenicity studies showed the reactivity of construct 59 towards two well 

characterized anti-Tn mAbs: 83 D4 (IgM) and MLS 128 (IgG). Interestingly, T-cell antigenicity trials 

showed that the presence of the Tn antigen in construct 58 dramatically increased the presentation of 

the PV peptide by MHC molecules, since the same construct devoid of the Tn moiety necessitated a 

10000-fold increased concentration to stimulate T-cells to the same extent.212 The authors suggested 

that such behavior could be the consequence of a specific GalNAc-mediated receptor cross-linking, 

which also causes the endocytosis of the construct by APCs. Immunization studies were carried out in 

three different strains of mice (i.e. BALB/c, DBA/2 and SJL/J) with 50 µg of 58 plus 1 mg of alum. Post-

immunization sera from mice inoculated with construct 58, but not those treated with a negative 

control lacking the Tn moiety, produced high titers of anti-Tn IgG antibodies (mainly IgG1) with similar 

reactivity towards human tumor cell lines (i.e. human Jurkat T-cell lymphoma cell line and LS180 

adenocarcinoma cell line), compared to mAb MLS 128.213,214 Moreover, immunization of DBA/1 mice, 

a strain which is not responsive towards PV peptide, did not develop any anti-Tn antibodies following 

immunization with 58, thus confirming the occurrence of a T-cell dependent immune response in the 

context of this anti-Tn antibody response. Finally, the immunotherapeutic effect of construct 58 was 

tested in BALB/c mice grafted with TA3/Ha to investigate the survival rate and the resistance to tumor 

challenge, showing statistically significant differences between treated mice and mocks.  

Following the good results obtained with clustered carbohydrate antigens, the same group 

reported the immunological evaluation of a clustered version of the MAG compound 58.152,156,215 The 

structure of this second generation construct integrates a tri-Tn motif at the end of each PV sequence, 

where the α-GalNAc moiety is grafted onto a Ser-Thr-Thr (STT) sequence (60, figure 22).216 

 

 

 

60

Figure 22. Tn-clustered multiple antigen glycopeptide (MAG) by 
Leclerc and co-workers (60).  
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 The study highlighted that the clustered STT glycosylated sequence was the most efficient for 

the induction of anti-Tn antibodies able to recognize a large variety of GalNAc glycosylated MUC-1 

sequences, broadening the spectrum of recognition for native forms of Tn. The ability to induce anti-

Tn IgG antibodies with a mild adjuvant like alum, compared to Tn-KLH conjugates which need a 

stronger adjuvantation (QS-21), and also in the frame of other adjuvant settings (e.g. CpG 

oligonucleotides, lipopeptide adjuvants), emphasizes the validity of this fully-synthetic approach. It is 

important to mention that no evidence of antibodies directed against the poly-lysine core scaffold has 

been reported, and no adverse reaction was observed in all experimental settings.217  

In 2015 compound 60 entered in a phase I clinical study, thanks to its promising pre-clinical 

results. This study involved patients with non-metastatic, HER2 negative, localized breast cancer at 

high-risk of relapse. 218  

 

 In 2005, Dumy, Renaudet and co-workers, inspired by the work of Leclerc’s group, gave their 

first contribution to the fully-synthetic approach by exploring the utilization of the cyclic RAFT template 

as innovative scaffold to present B- and T-cell epitopes in a multivalent and topologically separated 

fashion.219 Conceived by Mutter and co-workers, the RAFT (regioselectively addressable functionalized 

template) scaffold was initially designed as tool for directing covalently attached building blocks into 

characteristic folding topologies  (introducing the concept of template-assembled synthetic proteins: 

TASP).220–223 RAFTs are topological templates composed by a backbone-cyclized decapeptide which 

contain two Pro-Gly residues as β-turn inducers, able to stabilize their conformation in solution and to 

provide a quite rigid structure, where the side chains of lysine residues point in two distinct directions, 

defining an upper and lower domain (Figure 23).   

 

 

 

b)a)

Figure 23. RAFT scaffold by Mutter, Dumy and co-workers. a) General structure representation. b) 3D model 
representation with four sugar residues in the upper domain and two peptide sequences in the lower 
domain.  
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These scaffolds has served for the construction of synthetic vaccines205, and they have also 

demonstrated to be useful tools as vectors in cancer therapy, and for the study of G-quadruplex 

folding.224–227 The interesting features of RAFT scaffolds are not limited to their conformational stability 

and topology. Indeed, they represent attractive scaffolds for the construction of anticancer vaccines 

also thanks to other advantages: (i) they are easily synthesized via standard solid phase peptide 

synthesis,  (ii) their in-vivo stability and compatibility, due to the cyclic structure and functionalized 

AA’s side chain make them less prone to undergo protease-mediated hydrolysis; (iii) the possibility to 

selectively functionalize the two distinct domains (i.e. upper and lower domains) of the scaffold, with 

reduced interference phenomena between different ligands (e.g. B-cell epitopes in the upper domain 

and T-cell epitopes in the lower domain); (iv) the ease to tailor other structural and spatial parameters, 

by increasing the cyclopeptide core size or by introducing other multivalent elements in both 

convergent and divergent manners.228 

 

The first generation of fully-synthetic anticancer vaccine prototypes conceived by Dumy, 

Renaudet and co-workers involved the clustered presentation of four Tn analogues, on the upper 

domain of the scaffold, and one (61) or two (62) PV103-115 peptide sequences on the lower domain 

(Figure 24).219  

 

  

 

 

A second aspect of this approach relies on the utilization of an iterative oxime ligation protocol, 

which has demonstrated to be efficient and chemoselectively compatible with a wide range of 

chemical functions, allowing the ligation between unprotected fragments without the need of coupling 

agents.229–238 Such a strategy requires the preparation of the different modules (e.g. B-cell epitopes, 

Figure 24. First generation of fully-synthetic Tn-based anticancer 
vaccine prototypes by Dumy and Renaudet. 
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scaffold and T-cell epitopes) bearing aldehyde and aminooxy functional groups as counterparts for 

their condensation into the hydrolytically stable oxime bond.239 The aminooxylated αGalNAc 63 

(Scheme 11) has been chosen as structurally simplified carbohydrate analogue of the native Tn antigen 

(Ser/Thr-αGalNAc). This choice was supported by literature reports, where other carbohydrate-base 

Tn analogues showed similar antigenicity compared to the native form.240–243 Similarly, the RAFT 

scaffold 64 and aldehyde-bearing T-cell epitope 65 represents key building blocks for the construction 

of such vaccine prototypes (Scheme 11). Since this chemical strategy will be discussed more in detail 

in the following sections, in scheme 11 we reported an essential synthetic scheme for the assembly of 

vaccine prototype 61.219 

 

 

 

 

 Intermediate 64 (Scheme 11), bearing four serine residues in the upper domain and one 

aminooxy function in the lower domain, underwent oxime ligation with aldehyde-bearing CD4+ peptide 

65 in acetate buffer at pH 4.0 for 24 hours at room temperature, to afford scaffold 66. The serine 

residue act as masked aldehyde function, indeed treatment of 66 with sodium periodate afforded four 

α-oxo-aldehydes (not shown),244 prone to react via oxime ligation with α-aminooxy-GalNAc 63. Fully-

synthetic vaccine prototype 61 was obtained in good yields (44%, from intermediate 64), excellent 

purity and was easily characterized by mass spectrometry and analytical RP-HPLC.  

B-cell antigenicity was assessed by ELISA using two Tn-specific mAbs 6E 11 (IgG3) and an 83 D4 

(IgM): compounds 61 and 62 both shown their binding abilities towards the two mAbs, but not control 

molecules lacking the sugar moiety or presenting a different saccharide (i.e. GlcNAc). The RAFT* 

scaffold has proved effective for presenting the oxime-linked Tn-antigen’s saccharide moiety (i.e. 

Scheme 11. Essential synthetic pathway for the construction of synthetic vaccine 
prototype 61. Conditions: [a] 65 (1.1 eq.), AcONa buffer (pH 4.0, 100 mM), r.t., 24 h, 78%; 
[b] NaIO4, PBS (pH 7.3, 10 mM), r.t., 5 h, 86%; [c] 63 (9.3 eq.), AcONa buffer (pH 4.0, 100 
mM), r.t., 36 h, 66%.  
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GalNAc), in a clustered manner, to mAbs which are reactive with the natural occurring antigen. 

Therefore, the “unnatural” Tn derivative 63 represent a suitable model for humoral stimulation.  

 In-vitro T-cell antigenicity assays indicated an enhanced IL-2 production caused by prototypes 

61 and 62: they induced T-cell stimulation at a 10000-fold inferior concentration, compared to their 

unglycosylated analogues bearing the PV peptide but not the saccharide moiety. This result confirms 

previous observations regarding the enhanced T-cell stimulation induced by peptides bearing a GalNAc 

moiety, as the Tn antigen.212,241,245  

 Immunogenicity of compounds 61 and 62 was tested in BALB/c mice by administering 10 µg of 

compound in alum. Collected post-immunization sera contained IgG antibodies which were able to 

recognize the glycosylated RAFT (containing four Tn residues) but not the naked RAFT scaffold, 

assessing the non-antigenicity of the cyclodecapeptide platform. The antibody response of compound 

62, displaying two copies of the PV103-115 peptide did not resulted increased compared to its homologue 

61, suggesting the relevance of the clustered B-cell epitope presentation for an effective humoral 

response. The obtained IgG antibodies were reactive towards the human Jurkat tumor cell line 

expressing the Tn antigen. These preliminary results opened interesting perspectives for the utilization 

of such a modular strategy for the synthesis of multicomponent vaccine constructs. Indeed, the 

following generations of therapeutic vaccines focalized their design on integrating new modules such 

as CD8+ epitopes and internal adjuvants.  

 

 Following the preliminary results obtained in one of their former studies,148 Kunz and co-

workers reported the synthesis and immunological evaluation of a two-component fully-synthetic 

vaccine construct incorporating: (i) the STn antigen along with the MUC-1 sequence GVT•SAPDTRPAP 

(• = glycosylation site) as B-cell epitope, and (ii) the OVA323-339 sequence (ISQAVHAAHAEINEAGR) as 

CD4+ TH epitope (71, Scheme 12b).151 The strategy adopted for the vaccine construct assembly started 

with a solid phase peptide synthesis (SPPS) protocol on resin 67, in which glycopeptide building block 

15 (Scheme 3) was integrated. Subsequent cleavage from the solid support and purification by 

preparative RP-HPLC afforded protected intermediate 68 in 45% overall yield (Scheme 12a). The 

elongation of resin 69 proceeded to give the desired OVA323-339 sequence, and a triethylene glycol 

spacer was attached, following a similar procedure of that previously described in Scheme 3, to give 

70. The final steps involved the solid phase coupling of 68, activated with HATU/HOAt, to the polymer 

bound sequence 70, following cleavage from the resin and subsequent global deprotection, to afford 

pure compound 71 in 19% overall yield (from 69) (Scheme 12b). 
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 Immunization studies were carried out on transgenic mice (DO11.10), whose T cells express a 

specific receptor which binds to the OVA323-339 epitope presented on MHC-II molecules.246 Compound 

71 was administered to three mice at the dose of 10 µg, in the presence of complete Freund’s adjuvant 

(CFA). Only one out of three mice exhibited a considerable concentration of MUC1-specific antibodies, 

b)

a)

Scheme 12. a) Synthesis of protected glycopeptide 68. b) Synthesis of vaccine construct 71. Conditions: [a] 68 
(1.05 eq.), HATU, HOAt, NMM in DMF, r.t., 16 h; [b] TFA/TIS/H2O (15:0.9:0.9), r.t., 2 h, 42% over two steps; [c] 
H2, Pd/C (10%), r.t., 21 h; [d] NaOMe, MeOH, r.t., 16 h, 43% over two steps. SPPS: 1) Fmoc removal: 20% 
piperidine in NMP; 2) AAs coupling: Fmoc-AA-OH, HBTU, HOBt, DIPEA in DMF: 3) capping: HOBt (cat.), Ac2O, 
DIPEA in NMP. Trt = triphenylmethyl; Pmc = pentamethylchroman-6-ylsulfonyl.  
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while mocks generated only minor, unspecific reactions. The authors suggested that although DO11.10 

mice are genetically identical, their individual immune response can differ, so the lower response of 

the other two immunized mice (comparable with mocks) was not uncommon. Nevertheless, the 

specificity of the produced IgG antibodies was assessed in a neutralization assay, in which neither a 

similar sialylated MUC-4 sequence, nor a MUC-4 peptide sequence, nor the naked GVTSAPDTRPAP 

sequence, were capable to interact with the antibody. Conversely, the MUC-1 sequence 

GVT(STn)SAPDTRPAP contained in vaccine 71 almost completely neutralized the serum. The strategy 

proposed by Kunz and co-workers represents another encouraging result for the development of 

efficient fully-synthetic anticancer vaccines based on TACAs.     

 

 

 

I.3.2.2. Two-component (TACA-lipopeptide), fully synthetic anti-cancer vaccines 

 

 Along with the abovementioned two-component synthetic constructs bearing B- and TH-cell 

epitopes, other research groups reported a similar design strategy involving TACAs associated with a 

second module which differs from the CD4+ TH-cell epitope. 

Singhal and co-workers reported the synthesis and immunological evaluation of a dimeric 

(Ser)Tn-lipopeptide conjugate (72, figure 25a). This represents an early report in the frame of fully 

synthetic immunogens, where two copies of Tn antigen displayed onto serine residues (in red), were 

attached through a spacer to a tripalmitoyl-S-glycerylcysteinylserine (Pam3CS) (in purple), which acts 

as a potent stimulator of cytokine production (i.e. IL-1, IL-6 and TNF-α) by B-cells and 

macrophages.247,248 The N-acyl-S-diacylglyceryl cysteine backbone is indeed present in all bacteria, and 

its role in the innate immune system activation/modulation influences the pattern of adaptive immune 

response. Recent reports in the frame of bacterial lipopeptides showed their involvement in the 

modulation of the innate immune system by interacting with APC’s Toll-like receptors (TLRs).249–251 In 

addition, lipopeptides represent an important class of self-assembling molecules. Their amphiphilic 

nature allows them to form supramolecular nanostructures, depending on the hydrophile/lipophile 

balance of the construct, as well as interactions between peptide backbones.252 Recent studies 

investigated the self-assembly of three PamnCSK4 lipopeptides. The authors found a significant 

difference in morphology arising from the number of attached palmitoyl moieties.253 While spherical 

micelles structures were observed for mono- and di- lipidated structures (PamCSK4 and Pam2CSK4, 

respectively), the homologue containing three palmitoyl residues (Pam3CSK4) organized flexible worm-

like micelles (Figure 25b) 



56 
 

 

 

 

Immunization of CAF mice with 100 µg of vaccine construct 72 (administered as R+S 

enantiomer mixture) stimulated the production of high titers of anti-Tn antibodies, which were able 

to recognize the Tn-containing desialylated ovine submaxillary mucin (A-OSM). Surprisingly, along with 

high anti-Tn IgM production, also a measurable specific IgG antibodies production (normally achieved 

through a T-cell dependent immune response) was observed. The authors suggested that the 

lipopeptide moiety was responsible for the enhanced uptake of Tn antigen, resulting in an increased 

immune response.  

 

 Kunz and co-workers integrated the Pam3CSK4 lipopeptide TLR ligand (in purple) onto a cancer-

related MUC-1 sequence functionalized with a unique copy of TF antigen, to obtain compound 73 

(Figure 26). Vaccination of BALB/c-J mice with compound 73 in the presence of Freund’s complete 

adjuvant generated antibody titers in a lower extent, compared to its TTox-conjugated semisynthetic 

analogue.146 The obtained antibodies could not be efficiently neutralized by using the same TF-MUC1 

glycopeptide sequence (in red) contained in 73. Moreover, antibodies showed binding capacity also 

with negative controls where the T antigen moiety was replaced with a Tn, or STn moiety, suggesting 

that the recognition process is dominated by the antibody-peptide interaction. 

 

72

PamCK4 Pam2CK4 Pam3CK4

a)

b)

Figure 25.  a) Fully-synthetic, two-component vaccine construct by Singhal and co-workers. b) Cryo-TEM 
images obtained for 2% solution of PamCSK4, Pam2CSK4 and Pam3CSK4.  
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 Inspired by precedent works focused on the development of chemically defined self-

adjuvanting vaccines,254–257 Li and co-workers designed a small set of fully synthetic, Tn- and MUC1-

containing glycopeptide vaccines, where the second element was represented by the self-assembling 

Q11 peptide sequence (Figure 27a).258 The Q11 ability to aggregate into fibrils in mild conditions makes 

it a good tool for acting as both adjuvant and carrier.259 The self-assembly of constructs 74-77 (Figure 

27a) was assessed via TEM, revealing fibers over 200 nm long for all the four compounds and without 

a relevant influence of MUC1’s glycosylation pattern (Figure 27b). The obtained supramolecular 

aggregates displayed the B-cell antigen on their surface, resulting in a multivalent epitope display; 

moreover, the equilibrium between self-assembly and disassembly can provide a slow release and 

long-term effect (Figure 27c).259  

73

Figure 26. Fully-synthetic, two-component TF-based vaccine construct by Kunz and co-workers. 
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The entirely peptide structure of Q11 subunit allows to be easily synthesized through standard 

SPPS procedures, and its conjugation with MUC1 backbone can be performed by elongating the 

nascent peptide, on the resin support.  

Immunization studies were carried out on BALB/c mice by administering PBS solutions 

containing 100 nmol (≈400 µg) of compounds 74-77, alones, or in the presence of Freund’s adjuvant 

(100 µL). The results showed an increased production of antibodies for mice inoculated with 

compounds 74 and 75. Antibody titers were dominated by IgM isotype, although a remarkable 

presence of IgG was reported; these antibodies strongly reacted with human MCF-7 tumour cell line, 

and showed the ability to trigger CDC. In the absence of a TH-cell epitope, and because of the 

predominance of IgG2a and IgM antibodies production, the authors hypothesized that compounds 74-

75 may activated the immune system via a T-cell independent pathway.260 Interestingly, formulations 

including Freund’s adjuvant nearly lost their ability to trigger an immune response, regardless of the 

glycosylation site. The authors finally confirmed the safety and biocompatibility of this strategy, 

indeed, no immune reaction against the Q11 domain was observed.  

 

 

R1 R2
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74 75 76 77

c)

Figure 27. a) Fully-synthetic, self-assembling vaccine constructs by Li and co-workers. b) Fibrils 
aggregates of compounds 74-77. c) Schematic self-aggregation representation of vaccine 
constructs. 



59 
 

I.3.2.3. Multi-component, fully synthetic anticancer vaccines 

 

 In 2007, Boons and co-workers described syntheses and immunological properties of three-

component vaccine constructs 78 and 79 (Figure 28a). These multicomponent constructs incorporate 

a glycopeptide MUC-1 sequence as B-cell epitope (in red), the PV103-115 class-II restricted TH epitope (in 

green), and the TLR-2/6 activator Pam2CK4 (78, R = H), or the TLR-1/2 activator Pam3CK4 (79, R = Pal) 

(in purple).261  

Due to the different lipophilicity of the lipid moieties in 78 and 79, two distinct synthetic routes 

were necessary to reach the desired vaccine constructs.  

Compound 78 was obtained by a standard SPPS protocol, using a Rink Amide AM resin, Nα-

Fmoc-protected AAs, and Nα-Fmoc-Thr(AcO3-α-D-GalNAc).262 Glycopeptide assembly was followed by 

deprotection of saccharide’s acetyl moieties (80% N2H2/MeOH) and manual coupling of Fmoc-Pam2C-

OH.263 Finally, Fmoc-removal, followed by cleavage from the resin support (TFA/phenol/H2O/TIS 

88:5:5:2) afforded desired compound 78 in 30% overall yield, based on the resin loading.  

   

 

 

 

 The same linear approach has not proved suitable for the construction of 79, the obtained 

crude resulted difficult to purify and not homogeneous. The authors thus decided to undertake a 

liposome-mediated native chemical ligation (NCL) strategy.264 NCL is a chemoselective reaction 

involving an N-terminal cysteine residue and a C-terminal peptide thioester, reacting in a reversible 

trans-thioesterification step to form a thioester intermediate which subsequently rearrange via an 

intramolecular S-to-N acyl transfer, providing the thermodynamically favoured native peptide bond at 

the ligation site. It is noteworthy mentioning that NCL occurs only at an N-terminal cysteine residues, 

regardless of the presence of internal cysteine residues. This reaction has served for a broad range of 

applications, especially for the synthesis of large peptide sequences and proteins, thanks to its 

120 nmb)a)

Figure 28. a) Fully-synthetic, three-component vaccine constructs by Boons and co-workers. b) Negative-stain 
transmission electron micrograph of the liposome preparation. 
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versatility which allows for the merger of unprotected (glyco)peptide fragments in aqueous media at 

physiological pH in nearly-quantitative yields.265–267 The applicability of this reaction is reduced when 

peptide fragments are poorly soluble in aqueous buffer, therefore the incorporation of the reactants 

in liposomes allow NCS to occur between lipophilic peptides and lipopeptides.264  

 A film of dodecylphosphocholine (DPC), PV103-115-containing thioester 80 and unprotected 

building block 81 was hydrated in a phosphate buffer (pH 7.5) in the presence of tris(2-

carboxyethyl)phosphine (TCEP) and EDTA, and then ultrasonicated. The resulting vesicles were sized 

to 1 µm by passing through a polycarbonate membrane filter. The addition of sodium 2-

mercaptoethane sulfonate (MESNA) initiated the reaction, which was completed after 2 hours. 

Removal of acetamidomethyl (Acm) moiety with Hg(II) acetate, followed by RP-HPLC purification using 

a C4 column afforded glycopeptide 82 in 61% yield over two steps. A second liposome-mediated NCL 

between glycopeptide 82 and lipopeptide 83 afforded vaccine construct 79, in 85% yield.   

 

 

 

 

 Compounds 78 and 79 were next incorporated into phospholipid-based small unilamellar 

vesicles (SUVs) by hydration of a thin film of synthetic vaccine constructs, egg phosphatidylcholine, egg 

phosphatidylglycerol and cholesterol in a HEPES buffer followed by extrusion, to afford 100 nm sized 

liposomes (Figure 28b). The liposome formulation represents an attractive delivery method in vaccine 

design, owing to its low intrinsic immunogenicity and the resulting multivalent B-cell epitope display, 

which promotes B-cell activation by receptor clustering.268,269  

 Groups of female BALB/c mice were immunized with liposomes featuring compounds 78 or 79 

(containing 3 µg of saccharide), with or without saponin immunoadjuvant QS-21. Post-immunization 

80 81

+

8283

+

79

Scheme 13. Synthesis of vaccine construct 79 via liposome-mediated native chemical ligation. Conditions: 
[a] 200 mM sodium phosphate buffer (pH 7.5), DPC, TCEP, EDTA, sonication (1 min.), extrusion, then MESNA 
2% (final w/v), 79% yield for 82, 85% yield for 79; [b] Hg(OAc)2, 10% aq. HOAc, 50 mM DTT, 77%. DPC = n-
dodecylphosphocholine; EDTA = ethylenediaminetetraacetic acid; DTT = 1,4-dithiothreitol.   
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sera of mice inoculated with 79 contained high titers of IgG and IgM antibodies directed against MUC-

1, with a preponderant IgG3 production.  

Glycopeptide 78, which contains Pam2CSK4 instead of Pam3CSK4 elicited lower titers of IgGs. 

The presence of QS-21 in the vaccine formulation did increased IgG titers. Each compound (78 and 79) 

produced low titers of anti-PV antibodies, indicating a negligible epitope suppression phenomenon. 

Further experiments assessed the effective recognition of the produced antibodies towards the MUC-

1-expressing MCF-7 human breast cancer cell line, and the TLR-2-dependent production of cytokines 

such as TNF-α, which upregulate the expression of costimulatory proteins (e.g. CD80, CD83, 

CD86).270,271  

The importance of the covalent attachment of the three subunits and the liposomal 

preparation was assessed by administering a liposome formulation containing the B-cell epitope, the 

TH epitope and the Pam3CSK4 moiety, and a saline solution formulation containing the aforementioned 

components. Both formulations evoked none or very low IgG antibody responses compared to the 

original liposome delivery system containing 79.  

Finally, using cells transfected with different TLR receptors, the authors confirmed the 

presence of a TLR-2-mediated active uptake, which represents an additional mechanism to enhance 

antigen uptake by APC’s, along with the abovementioned MGL-mediated internalization provided by 

the GalNAc moiety.272  

 The remarkable antigenicity of anticancer vaccine construct 79 can be attributed to its precise 

design: (i) the presence of a built-in adjuvant ensure the cytokine production at the site in which the 

vaccine construct interacts with the cells of the immuno-repertoire; (ii) the lipid moiety represents not 

only a TLR-2 ligand, but also improves the retention into liposomes and ensures a clustered display of 

B-cell epitopes. Again, Boons and co-workers demonstrated the advantages relative to a 

multicomponent fully synthetic approach, which allows for a precise optimization of the different 

vaccine subunits. 

 

 Following a similar route, the second generation of fully synthetic vaccine prototypes designed 

by Dumy and Renaudet, in collaboration with BenMohamed, associated four essential components on 

the RAFT platform: (i) a cluster of four Tn antigen analogues (in orange); (ii) a CD4+ TH peptide epitope 

(in green); (iii) a CD8+ CTL peptide epitope (in blue); and (iv) a palmitic acid (Pam) moiety as internal 

adjuvant (in purple, figure 29).273–275 For the construction of compounds 84-86, a convergent ligation 

strategy involving both oxime ligation and disulfide bond formation was employed (not shown). Four 

copies of aminooxy-Tn analogues were introduced on a RAFT scaffold bearing the complementary α-

oxo-aldehyde functions; subsequently, the lower domain of the scaffold was functionalized with a 

cysteine residue in order to merge the lipopeptide moiety through disulfide bond formation.  
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Disulfide moieties represent widely employed chemically cleavable linkers which have been 

used to build a large panel of drug conjugates.276–279 Once the molecular construct crosses the cell 

membrane, the reversible nature of disulfide bond allows for the glutathione-mediated thiol-disulfide 

exchange, thus determining the liberation of the lipopeptide moiety in the intracellular domain. 

Indeed, inside a cell the concentration of glutathione is approximately 1000-fold higher than in the 

extracellular environment. Thus, this strategy is supposed to promote vaccine’s intracellular delivery, 

which in the present case should improve the processing of CD4+ and CD8+ peptide epitopes.280,281  

 Compound 84 (Figure 29) shows the OVA257-264 peptide sequence (SIINFEKL)282 as a target CD8+ 

epitope for the induction of a cellular immune response, which was synthesized in line with the Pan-

DR universal CD4+ TH peptide (PADRE : {dA}K{Cha}VAAWTLKAA{dA}{Ahx});283 the resulting peptide 

sequence was further extended with a palmitic acid moiety at the N-terminus, to confer a self-

adjuvanting character to this four-components vaccine construct.  

 

 

 

 

Indeed, recent attempts have been devoted to avoid toxic adjuvants effects by introducing 

built-in adjuvanting moieties. Palmitic acid is a low molecular weight lipid moiety, capable of 

stimulating APCs such as B-cell, DCs and macrophages, by acting as TLR-2 ligand.284,285 It is derived from 

the immunologically active N-terminal sequence of an Escherichia coli lipoprotein,286 and has been 

widely used for the enhancement of carbohydrate B cell epitopes as well as for peptide T-cell epitopes; 

however, its efficacy in a multicomponent vaccine such 84 was never been assessed before.287   

 B-cell immunogenicity of 84 (OVA-GLP, 50 µM/mice in 100 µL of PBS) or its non-lipidated 

version (OVA-GP, devoid of the palmitoyl moiety, 50 µM/mice in 100 µL of PBS) were investigated on 

two groups of H2b mice in adjuvant-free PBS solutions, while a third group of mice was treated with 

OVA-GP along with CpG1826
288 adjuvant (25 µg). In the first two groups (CpG-free) no adverse reaction 

was observed, but the OVA-GP alone did not induced specific IgG or IgM antibodies in an adjuvant-free 

context. Collected sera induced by both OVA-GLP (84) and OVA-GP + CpG1826 contained high titers of 

Figure 29. Fully-synthetic, four-component vaccine constructs by Dumy, Renaudet and co-workers. 
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specific IgG and IgM antibodies, which were reactive towards MCF-7 cancer cell line and, to a lesser 

extent, T-47D cancer cell line (expressing a lower level of Tn antigen, compared to MCF-7). 

Immunization of MO5, OVA-transfected B16 mice with 84 allowed the in vitro and ex vivo assessment 

of a OVA257-264-directed T-cell response, based on the detection of IFN-γ producing CD8+ T-cells.  

The authors further investigated the protective effect of adjuvant-free OVA-GLP 84 and OVA-

GP + CpG1826 on B6 mice. Ten days after the third immunization, mice were challenged with OVA-

expressing mouse melanoma cells (B16) and then monitored for tumor growth and survival rate. Only 

one mouse out of ten developed a detectable tumor in the group treated with 84, and none of the 

mice in the OVA-GP + CpG1826 group developed detectable tumors. In terms of survival rate, 90% of 

mice (9 out of 10) immunized with 84 survived for 90 days, while all mice treated with OVA-GP + CpG1826 

survived (Figure 30a). The specificity of the protective effect was assessed by challenging other groups 

of mice with tumor cells which does not express the OVA antigen, and all mice developed tumors 

following the tumor grafts. The therapeutic effect of compound 84 was investigated by a tumor growth 

inhibition assay, where three groups of B6 mice challenged with MO5 cells were inoculated with 

vaccine preparations (i.e. 84 alone in PBS, or OVA-GP + CpG1826) when the tumor diameter reached 3-

4 mm. Of ten mice inoculated with 84, all were still alive eight weeks after tumor inoculation, while 

seven of ten mice immunized with OVA-GP + CpG1826 survived (Figure 30b). 

 

 

 

 

 

 

 This study highlighted the advantages of the fully synthetic glyco-lipo-peptide (GLP) vaccine 

prototype 84, where a convergent modular approach based on the mutually compatible oxime ligation 
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Figure 30. a) Protective effect. Survival represents the percentage of mice survived in OVA-GLP (84), OVA-GP 
+ CpG1826 immunized and control set as a function of days after MO5 challenge. b) Therapeutic effect. MO5 
cells were injected in female B6 mice and eight days later OVA-GLP and OVA-GP + CpG1826 were administered. 
Mock: PBS solution. 
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and disulfide bond formation allowed for the construction of a precise and fully characterized 

construct, able to trigger a self-adjuvanting specific immune response in mice models. The produced 

antibodies recognized the Tn-positive human cells lines MCF-7 and T-47D, but not the Tn-negative cell 

lines (i.e. T2 and RS). Moreover, protective and therapeutic immunological effects have been observed, 

also in the absence of an external adjuvant, improving the efficacy of the vaccine construct.  

  

In another study, vaccine constructs 85 and 86 were investigated; they differ from 84 for the 

presence of the CD8+ HER420-429 sequence (PDSLRDLSVFK) from HER-2/neu glycoprotein, which is 

overexpressed by breast carcinomas (Figure 29).289 The palmitoyl moiety was integrated onto the two 

GLPs constructs either at the N-terminus end (85, linear GLP), or in between the CD4+ and CD8+ 

sequences, on the HER’s lysine side chain (86, branched GLP). The uptake, processing and cross-

presentation pathway of 85 and 86 (50 µg/mice) were investigated to study whether the position of 

the lipid moiety would affect the B- and T-cell immunogenicity and the protective efficacy of these 

vaccine constructs. While more potent HER420-429-specific IFN-γ CD8+ T cell responses was induced by 

the linear GLP 85, the branched analogue 86 generated stronger tumor-specific IgG responses. 

Furthermore, although both constructs showed a TLR-2-mediated uptake mechanism to enter 

dendritic cells and succeeded in inducing their maturation, each construct appeared to be processed 

and presented to T cells differently. Thus, the position of the lipid moiety within synthetic GLP 

constructs profoundly affects the phenotypic and functional maturation process of DCs, the processing 

of the glyco-peptide molecules and their cross-presentation in DCs, as well as the magnitude of IgG 

and CD8+ T-cell responses. Although cellular and molecular mechanisms underlying the 

immunogenicity of 85 and 86 remain to be fully elucidated, data suggests that the position of the lipid 

moiety strongly influences the immunogenicity of these constructs and is superior compared to non-

lipidated analogues in the absence of an adjuvant setting. The different position of the palmitoyl 

moiety not only affected the uptake and cross-presentation pathways in DCs, but modulated the 

magnitude of antitumor antibody and CD8+ T-cell protective immunity. It can be hypothesized that the 

presence of the lipid tail may promote the self-organisation of the vaccine candidate in solution, which 

may impact the resulting immunogenicity. However, this aspect has not been discussed by the authors. 

 

 A third generation of vaccine construct was elaborated by our research group, in collaboration 

with BenMohamed and Nativi. This vaccine prototype includes four clustered Tn-antigen mimetcs as 

B-cell epitopes (in red) and the PADRE sequence in line with the OVA257–264 peptide, as CD4+ TH cell (in 

green) and CD8+ CTL (in blue) epitopes, respectively, conjugated on the cyclopeptide carrier (87, Figure 

31a).290 
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Figure 31. a) Fully synthetic, Tn-mimic displaying vaccine construct by Renaudet, Dumy and co-workers. b) Tumor 
diameter increase. c) Survival rate of mice groups. 
 

It has been hypothesized that TACA-based vaccines displaying these mimetics instead of native 

Tn antigens could be more stable towards enzymatic degradation by endogenous glycosidases, thus 

extending its biological half-life. The bioactive Tn-antigen mimetic, developed by Nativi and co-

workers, is a 2-deoxy-2-thio-α-O-galactoside that retains the 4C1 chair conformation of the native 

antigen.291 It was conjugated through amidic linkage to the four lysine’s side chain on the scaffold 

upper domain, while the immunostimulant peptide was linked on the lower domain via disulfide 

bridging.  

The safety and immunogenicity were evaluated in B10.D1 mice inoculated with 87 (100 

µg/mice in 100 µL PBS) in presence of CpG1826 adjuvant (20 µg). High levels of mucin-specific IgG/IgM 

antibodiy ratio were induced (IgG/IgM titers >8000), and approximately half of the titer was still 

present in the serum 240 days after the last immunization. Moreover, antibodies were found to bind 

to human MCF-7 cancer cell lines expressing the native carbohydrate antigens. Tumor growth and 

survival rate monitoring in female B10.D1 mice implanted with NT2 cells showed that out of ten mice 

vaccinated, seven were still alive eight weeks after tumor inoculation. Only one or none survived in 

negative control groups, where adjuvant alone (20 µg) and PBS were administered, respectively (Figure 

31b and 31c). Finally, in vivo depletion of B cells, CD4+ cells, or CD8+ T cells in immunized mice by using 

specific mAbs showed that only the lack of B cells abrogated the protection induced by 87 against 

tumor progression and death, suggesting that the protection is mainly due to B cells.  
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I.3.2.4. Fully-synthetic approaches – Conclusions 

 

 In conclusion, the fully-synthetic approach demonstrated that chemically defined vaccine 

constructs containing precise oligopeptide TH epitopes, chemically associated with TACAs as B-cell 

epitopes, could  efficiently give rise to high titers of TACA-specific IgG antibodies, with similar efficacy 

than semi-synthetic vaccines.  

In several studies, the produced antibodies demonstrated to be reactive towards human 

tumor cell lines, and the promising results reported in this section have inspired several other research 

groups to explore new possibilities in terms of multicomponent vaccine design.  

The reliability of solid phase (glyco)peptide syntheses, and the advances in the field of 

chemoselective ligations provided a panel of options for the assembly of different sub-units, facilitating 

the introduction of convenient antigenic elements;206 such as the human universal PADRE epitope, 

reported to generate carrier-specific antibody response in less lower extent compared to a protein 

carrier.283,292  

Chemical design also allowed the replacement of natural TACA structures with analogues or 

mimics, able to generate IgG antibodies reactive with native TACAs.121,238,274,290  

The use of a non-immunogenic scaffold, which supports the versatile introduction of several 

elements in a convergent manner, represents a useful tool for optimizing the vaccine design in terms 

of sub-unit composition and multivalency.205 Examples of multivalent B-cell epitope display have also 

been reached through dendrimer-like scaffolds, liposome formulations and self-assembling 

structures.212,257,276,293,294  
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I.3.3. Adjuvants 

 

To complete this overview on vaccine design, it is noteworthy at least mentioning the wide 

role of adjuvants: immune-enhancing additives employed since the earliest attempts to raise 

significant immune responses. All adjuvant systems are basically focused on two mechanisms: (i) 

specific immune activation, and/or (ii) delivery-depot effect. Despite the abundance of adjuvant 

systems employed in preclinical models, only few resulted compatible for human vaccines, being the 

primary limitation for this diversified class of immunomodulators their safety issues.295  

Aluminium salts adjuvants, generally referred as alums, represent early, successful examples 

employed in anti-diphtheria vaccines. They are composed of a co-precipitate of aluminium hydroxide 

and diphtheria toxoid in carbonate buffer. Only occasional and moderate toxicities were reported with 

these vaccine settings.296 The next step in adjuvant research was made by Freund, whose water-in-oil 

emulsion, formed by the mixture of one volume 10% Arlacel A and 90% mineral oil with one volume 

of antigen (heat-killed Mycobacterium tuberculosis, cf. Complete Freund’s Adjuvant: CFA) in solution 

represented the standard for adjuvant activity from the 1930s to the 1970s.297 Mechanistic studies on 

oil-based adjuvants revealed a correlation between maintenance of antibody titers and presence of 

adjuvant depot for a period of months after injection.298 Nevertheless, documentations of intense 

inflammations, evidences that the emulsion was not entirely retained at the injection site, and the 

suspected role of the poorly metabolized mineral oils as carcinogens made Freund’s adjuvant 

acceptation controversial.  

Advances in immunology allowed the characterization of APC’s receptors and cytokine 

expression profiles, posing the basis for next generations of adjuvants based on a receptor-driven 

rational. The families of pattern recognition receptors (PRRs) implicated in bridging innate-adaptive 

responses, such as TLRs and NOD (nucleotide-binding oligomerization domain), are continuously 

growing and offering new possibilities in adjuvant’s design. Lipid A-related adjuvants, CpG 

oligonucleotides, alone or in combination with liposome- or particulate-based delivery systems 

represent just few examples of the contemporary state-of-art in adjuvant settings.  

The fate and functions of activated TH cells depends in large part on the microenvironment 

present at the time of the initial antigen encounter. The cytokine milieu composition bias the 

development of naïve CD4+ cells towards one or several differentiation pathways, leading to effector 

TH cell subsets with different functional profiles.299 Likewise, the nature of the antigen acquired by 

APCs will affect the expression of different sets of costimulatory molecules (e.g. CD80, CD86), which 

will also influence the developmental path of antigen-stimulated TH cells.300  
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In the vaccine set, (i) dendritic cells maturation, (ii) migration to the lymph nodes, and (iii) their 

cytokine expression can be stimulated, for example by the co-administration of delivery-depot 

adjuvants and ligands for DC’s toll-like receptors (TLRs).301,302  
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I.4. My project 

 

 Fully-synthetic anticancer vaccines represent an emerging topic in chemical immunology, 

supported by the possibility to be obtained in an efficient, reproducible and well-defined manner. Their 

high potential in terms of design allows tailoring the macromolecular assembly of sub-units of choice 

to give rise to unprecedented vaccine constructs. They demonstrated effective as their semi-synthetic 

precursors based on protein-carriers, and the absence of immunogenic elements which could interfere 

with the targeted immune response make them more tolerable.   

 

Our aim is to design TACA-based anticancer vaccine prototypes with improved 

immunological properties. The basis of our strategy for the synthesis of TACA-based anticancer 

vaccine prototypes relies upon the versatile, easily addressable and non-immunogenic RAFT platform, 

which represents an ideal tool for the conception of multi-modal, macromolecular constructs for 

biological applications. Indeed, RAFT-based synthetic vaccine prototypes, functionalized with TACAs 

along with CD4+ and CD8+ epitopes, demonstrated effective in producing high titers of specific IgG 

antibodies and CTL-mediated cytotoxicity in animal models. The rigid backbone of RAFT cyclopeptides 

allows displaying clustered B-cell epitopes, promoting a TACA-directed humoral response, and T-cell 

peptide epitopes, to sustain adaptive immunity (CD4+) and trigger a cellular response (CD8+). These 

elements can be easily introduced on the scaffold by means of orthogonal, chemoselective and high 

yielding reactions over its two distinct spatial domains.  

 

The results obtained by our research group in the field of chemical immunology led to three 

generations of fully synthetic anticancer vaccine prototypes (Figure 32): (i) a 1st generation of two-

components constructs, involving four clustered copies of saccharide Tn antigen, linked via oxime 

bond, and a CD4+ epitope (Figure 24); (ii) a 2nd generation of four-components prototypes, where a 

CD8+ epitope and a palmitoyl moiety have been introduced to provide a cellular response and a self-

adjuvanting effect (Figure 29); (iii) a 3rd generation, including a rigid Tn mimic, along with CD4+ and 

CD8+ epitopes (Figure 31a).  

The use of saccharide analogues (or mimics) of native TACAs (e.g. compound 63, scheme 11), 

which are modified at the anomeric position to be efficiently conjugated to the “core” scaffold via click 

chemistry, allowed the production of antibodies reactive towards the native form of the antigen.  
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Figure 32. Schematic representation of the three generations of anticancer vaccines obtained by our research 
group and the two new generations explored in this work. 

 

On the basis of these works, in my PhD project we aimed to design and synthesiz two new 

generations of TACA-based fully synthetic vaccines (Figure 32). 

➢ The 4th generation involve a three-component construct displaying and enhanced density of 

both (OX)Tn* and (Ser)Tn epitopes (sixteen copies) on a multivalent dendrimer-like scaffold, 

plus CD4+ and CD8+ epitopes from ovalbumin (OVA). This would increase the B-cell epitope 

ratio over the entire molecule, and promote BCR clustering by a multivalent TACA 

presentation. 

➢ The 5th generation include a heterogenic TACA display, with both Tn and TF saccharide 

epitopes displayed in a multivalent manner. According to the progressive evolution of the array 

of TACAs expressed during the course of the disease, an heterogenic display would better 

mimic the cancer-associated glycocalyx, conferring a multifaceted humoral response. We thus 

designed an heterovalent glycodendrimer scaffold which can be readily functionalized to 

display eight copies of oxime-linked Tn epitopes and eight copies of triazole-linked TF epitopes, 

(OX)Tn and (TRZ)TF, respectively. Following functionalization with OVA CD4+ and CD8+ 

                                                           
* For sake of clarity, from now on, when aminooxy-containing Tn-saccharide analogue 63 is conjugated to its 
aldehyde counterpart we will refer to it as (OX)Tn, indicating the presence of an oxime linkage. Accordingly, the 
Tn epitope displayed on a serine residue will be referred as (Ser)Tn. Finally, the TF epitope conjugated to the 
scaffold via a 1,4-triazole linker will be indicated as (TRZ)TF.   
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epitopes, this generation would represent the first example in literature of fully synthetic, 

hetero-TACA, three-component vaccines.      

 

The synthesis of the abovementioned generations of vaccine prototypes required efforts in 

designing efficient multi-step syntheses and conjugation protocols to achieve a controlled assembly 

of the different modules (e.g. scaffold, B-cell epitopes, T-cell epitopes). Consequently, in my PhD 

work the majority of efforts have been devoted to developing synthetic strategies to reach such 

unprecedented complex structures, for which no general methodology can be applied.    

 

 Chapter I served as general introduction to provide a better understanding of the project; 

essential notions of immunology and the state-of-art of antitumor vaccines in the context of cancer 

immunotherapy have been outlined. 

Chapter II is dedicated to the synthesis of multivalent homogeneous glycodendrimers. We 

first worked on mannosylated model structures, by employing a divergent oxime-based protocol 

already exploited in our research group (II.2.). In the next section, by means of this strategy, we readily 

obtained an hexadecavalent (OX)Tn-based glycodendrimer, essential B-cell epitope module for our 4th 

generation vaccines (II.3.). We then explored a combined protocol (CuAAC/OL) involving two click 

reactions: copper(I)-catalyzed alkyne-azide cycloaddition and oxime ligation (II.4.). This route allowed 

us to reach (TRZ)Tn-based glycodendrimer in a more controlled and efficient manner, also via a more 

reliable convergent assembly. (TRZ)Tn-based glycodendrimers in both anomeric configurations have 

been tested for their binding activity towards the SBA lectin, through an indirect binding biochemical 

assay (ELLA). In the last section of chapter II, a new small family of mannosylated multivalent 

dendrimers have been designed and efficiently assembled thanks to a convergent CuAAC-based 

protocol (II.5.). The resulting glycodendrimers demonstrated a remarkable binding avidity towards the 

BC2LA lectin, assessed via isothermal titration calorimetry experiments. 

Chapter III is devoted to the synthesis of the hetero-TACA multivalent glycodendrimer, key 

module for the conception of our 5th generation of three-component fully synthetic vaccines. The 

synthetic procedures explored in the former chapter demonstrated convenient for the assembly of 

such a multimodal synthesis. 

Chapter IV reports the preliminary assays on (OX)Tn/(TRZ)TF-based glycodendrimers from the 

4th and 5th generations, with specific anti-Tn and anti-TF monoclonal antibodies (IV.1.). Before 

undertake in vivo trials we evaluated interference phenomena which could arise from the concomitant 

presence of Tn and TF antigens on the same macromolecular construct. We next employed the anti-

Tn mAb to compare the binding efficacy of glycodendrimers functionalized either with (OX)Tn or with 

(Ser)Tn epitopes (IV.2.). The last part of the manuscript describes the final conjugation steps, including 
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the disulfide bridge formation between the B-cell epitope module and the CD4+-CD8+ modules, to give 

a new generation of fully-synthetic vaccine prototypes (IV.3).     
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Chapter II. 

 

 

Synthesis of multivalent homo-

glycodendrimers 
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II.1. Introduction 

 

As described in section I.1.4. (Humoral adaptive immune responses) the first, key event 

required for B-cells activation involve the antigen-mediated crosslinking of BCRs on B lymphocytes. 

Given the importance of a multivalent B-cell antigen presentation for a more effective BCR clustering, 

we investigated the validity of the synthetic approaches developed in our laboratories to reach precise 

and well characterizable multivalent homo-glycodendrimer structures.303,304 

In order to design a new anticancer vaccine generation with increased multivalency (compared 

to the tetravalent B-cell antigen display of the formers generations), in a first step we dedicated our 

efforts towards the synthesis of homogeneous multivalent glycodendrimers, focussing on the design 

of new architectures and synthetic strategies. Indeed, it is widely recognized that protein-carbohydrate 

interactions depend on structural criteria such as ligand’s valency and topology. We thus decided to 

explore new macromolecular structures, which will be decorated with model carbohydrates, simpler 

and easily accessible compared to TACAs. This will allow us to exploit the newly synthesized multivalent 

structures with biological relevant targets available in our laboratories.    

 Dendrimers are defined as repetitively branched macromolecules, with a tree-like 

architecture, from the Greek term “δέντρο” which means “tree”.305 Like polymers, dendrimers are 

constituted of repeating units but a clear line can be drawn to divide these two classes of compounds. 

First, dendrimers are never synthesized by polymerization reactions but rather step-by-step, affording 

reproducible, well-defined and monodisperse structures. Second, a dendrimer is typically symmetric 

around its multivalent “core” scaffold; the grafting of branched “arms” onto the “core” often gives rise 

to spherical three-dimensional morphologies.  

Over the last twenty years, an extensive body of literature has been devoted to describe the 

role of dendrimers in several research areas such as catalysis, material science and in bio-medicine.306–

310 In the context of our work, we found these structures particularly interesting for their advantageous 

characteristic, which include the possibility to tailor and “grow” the epitope valency in a controlled 

fashion. We think that displaying TACAs onto multivalent glycodendrimers would provide enhanced 

immunostimulating properties for our fully-synthetic vaccine constructs. From now on, the term 

glycodendrimer will refer to monodisperse, dendrimer-like, branched structures decorated with a 

peripheral carbohydrate moiety. The term homo-glycodendrimer indicates that the carbohydrate 

moiety is homogeneous, that is to say that homo-glycodendrimers are decorated with several copies 

of the same carbohydrate entity, in contrast with hetero-glycodendrimers, which are grafted with 

different carbohydrate moieties.311 In addition, the term glycocluster will be employed to describe 

glycoconjugates in which the sugar moiety is directly attached to the scaffold backbone.  
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 There are two main approaches for the assembly of glycodendrimers (Figure 33).312 Through a 

divergent approach, peripheral “naked” scaffolds are grafted onto a “core” scaffold to provide an 

additional layer (referred as “generation”), equipped with suitable anchorage points, which is finally 

functionalized with the sugar moiety. By a convergent assembly, peripheral scaffolds are previously 

functionalized with the sugar moiety, and then grafted on the “core” scaffold, to give the target 

glycodendrimer. While early approaches were based on the divergent approach, the convergent 

method allows for an easier removal of impurities and partially reacted intermediates, providing a 

more reliable strategy for reaching monodisperse glycodendrimers. On the other hand, the achievable 

size of final structures obtained via convergent assembly may be limited due to steric effects along the 

“core” scaffold. 

 

 

 

Figure 33. Divergent and convergent approaches for the assembly of multivalent glycodendrimers. 

 

In addition to the divergent and convergent approaches, there are two other aspects of 

primary importance for achieving an efficient and rapid glycodendrimer assembly. The first relies on 

the utilization of multivalent scaffolds as appropriate building blocks, which can be integrated as “core” 

and/or peripheral “arms”, allowing for an inherent higher valency, which can be rapidly increased by 

installing a “second-generation” layer. The second implies the utilization of accelerated coupling 

Core Terminal
unit

Divergent Convergent
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methodologies, such as those provided by the use of chemoselective, orthogonal reactions (often 

referred as “click-chemistry”). 

 

 

II.1.1. “Core” scaffolds 

 

The most simple multivalent scaffolds employed for the construction of glycodendrimers are 

tetravalent structures (Figure 34, A-F).313,314 Tetra-substituted benzenes (A), pyrenes (B), and 

tetraphenylethylenes (C) contain aromatic cores which have been exploited for their photochemical 

properties. Pentaerythritol (D), adamantane (E) and tetraazacyclododecane (F) represent non-

aromatic tetravalent structures; they also represented valuable choices in the context of 

glycodendrimer chemistry and supramolecular assemblies.315 Although commercially available and 

achievable in kilogram-scale synthesis, pentavalent corannulene (G)316 and pentaazacyclopentadecane 

(H)315 represent less employed platforms compared to the other reported structures.317 Nevertheless, 

hexavalent cyclotriphospazenes (I)318 and calix[4]arenes (J)319,320 have been widely employed and 

extensively described in literature by the research groups of Majoral and Ungaro, respectively. It is 

important to mention that “core” scaffolds can also be asymmetrically modified (red sphere in I and 

J), giving rise to useful building blocks for achieving high-order dendrimers.318 Among higher-valency 

scaffolds, comprising aromatic (K-M, P and R), non-aromatic (N), cyclodextrin (S) and 

octasilsesquioxane (Q) “cores”, the RAFT cyclic template (O) pioneered by Mutter, Dumy and co-

workers represents a particularly appealing structure not only for its versatility in terms of orthogonal 

functionalization but also because has proven to be well tolerated in vivo and non-immunogenic, 

therefore representing our tool of choice for the construction of anticancer vaccines.205 Finally, 

dodecavalent C60 fullerene derivatives (T) described by Nierengarten and co-workers, have revealed 

interesting tools in glycobiology, also due to their inherent photochemical properties. 
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II.1.2. Chemoselective “click” chemistry 

 

 The rise in popularity of the so-called click-chemistry over the past few years has been driven 

by its extraordinary achievements in the field of bioconjugation chemistry.207 Click-chemistry refers to 

a class of chemoselective, biocompatible reactions which can be carried out in mild conditions (ideally 

in water or physiological buffer) to give the desired conjugation products from unprotected building 

blocks, with high yields and reproducibility.321 According to the definition of Prof. Sharpless (2001), 
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Figure 34. Overview of the main multivalent scaffolds employed for designing dendritic 
architectures. Adapted from Roy et al., RSC Chem. Soc. Rev. 2015.  
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who coined the term click-chemistry, the development of an expanding set of powerful, selective, and 

modular “blocks” that work efficiently in both small- and large-scale application, represents the 

foundation of this chemical approach. Other desirable features that click-chemistry reactions should 

have can be listed as follows: (i) only inoffensive and easily-removable by-products should be 

generated; (ii) reactions should be stereospecific (not necessary enantioselective), and (iii) have a high 

thermodynamic driving force (>20 kcal mol-1). Ever since Cu(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC) was widely accepted as “click” reaction, strong efforts have been made to widen the panel of 

chemoselective “click” reaction (Table 3).  
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The vast implications that “click” chemistry has led in fields such as medicinal chemistry, 

chemical biology and bio-medicine cover pro-drug assembly,322 chemical synthesis of modified and 

native (glyco)proteins,323 efficient and precise introduction of labelling agents for in vivo imaging and 

synthesis of theranostic agents,324 culminating in the more recent concept of in vivo chemistry, where 

the “click” reaction occurs in the context of a living organism or a cell.325  

An extensive overview on “click” reactions and their utilization would be far from the scope of 

this manuscript, therefore we will not detail all reactions indicated in scheme 3, but we will focus on 

Table 3. Examples of “click” reactions commonly employed for bioconjugation. Adapted from 
Tang et. Al., RSC Chem. Soc. Rev. 2014.   
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those which have been employed in this research work. The abovementioned compelling properties 

of this chemical approach resulted more than appropriate for the efficient and controlled assembly of 

our multivalent glycodendrimer structures. The possibility to easily carry out a modular approach by 

the straightforward assembly of appropriately functionalized peptide and carbohydrate building 

blocks, made chemoselective “click” reactions a tool of choice for the development of our synthetic 

strategy. In this first chapter we explored two chemoselective “click” reactions: copper(I)- catalyzed 

alkyne-azide cycloaddition (CuAAC) and oxime ligation (OL). 

        

 CuAAC was developed by Meldal and co-workers from the previous works of Michael and 

Huisgen.326 This [2+3] cycloaddition leads to the selective synthesis of hydrolytically stable 1,4-triazoles 

with high reaction rates, allowing reactions to be performed at room temperature.327 The azide and 

terminal alkyne partners are inert to biological environments, and tolerate a wide range of solvents 

and reaction conditions.328 A large variety of Cu(I) sources has been employed without affecting the 

reaction yield. Among the different sources of copper, CuSO4 remains one of the most favourite options 

due to its ease of handling. However, Cu(I) halides are sometimes preferred for their improved 

solubility in organic solvents and because of the reported increase in reaction rate under these 

conditions. CuAAC reaction is usually highly efficient and predictable, although alkyne homocoupling 

side-reaction can occur in case of high alkyne density or sluggish triazole formation.329 Pioneered by 

Bertozzi and Boons, a strain-promoted version of the dipolar alkyne-azide cycloaddition  (SPAAC) has 

recently raised in popularity due to its high reactivity in the absence of metal catalyst.330 Nevertheless, 

its high reactivity also correlates with a minor degree of chemo- and regio-selectivity compared to 

CuAAC, resulting in mixtures of 1,4- and 1,5-triazoles, and unspecific reactions with cysteine residues 

via thiol-yne coupling, respectively.331 

 

 Oxime ligation represents a reliable and versatile bioconjugation reaction which has been 

widely reported in literature to be compatible for a large panel of applications.332,333 Although oximes 

may display some hydrolytic instability in aqueous media, their stability is superior to their 

corresponding imines and hydrazones. Raines and co-workers reported up to 600-fold lower hydrolysis 

rate constant for oximes compared to their corresponding hydrazones.334 Hydrolysis of oxime 

conjugates is acid-catalyzed; their improved stability rely on the α-effect provided by the heteroatom 

adjacent to the sp2 nitrogen, electron-delocalization of lone pairs makes the sp2 carbon less 

electrophilic, thus less susceptible to nucleophilic attack. Moreover, electron-withdrawing effects also 

reduce the basicity of the sp2 nitrogen, whose protonation represents the first step for the acid-

catalyzed hydrolysis mechanism. This reaction has been extensively employed in our research group 
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to reach a large panel of glycoconjugates, multivalent RGD-based platforms, oligonucleotide-based G-

quadruplex buildings, and more.332             

      

 

 

II.2. Mannosylated multivalent glycodendrimer assembly based on divergent 

iterative oxime strategy 

 

 With the aim to assess the validity of our synthetic approach for the construction of multivalent 

dendrimer-like architectures, and to acquire familiarity with the related synthetic procedures, the first 

months of my PhD project have been devoted to the synthesis of a set of mannosylated multivalent 

structures by employing a divergent and iterative oxime-based protocol. The choice of such a 

carbohydrate residue (α-D-mannopyranose) has been driven by its simplicity and the possibility to 

obtain multivalent constructs which could be valorised in a biological context. Indeed, mannose-

binding proteins (e.g. MBL : mannose-binding lectin) are implicated in several fundamental biological 

processes such as viral infection,335 bacterial adhesion,336 cross-talking between adaptive and immune 

responses,337 subcellular trafficking,338 human fertilization,339 cell-cell recognition,340 and more.341–344           

  

 

 

 

II.2.1. General strategy 

 

 Following a divergent synthetic strategy already used in our group (PhD Baptiste Thomas, 

2014), we designed the assembly of four copies of cyclopeptide “arm” 64, or dendrimer “arm” 88 onto 

central cyclopeptide “core” 89 through oxime ligation. The resulting hexadecavalent scaffolds were 

equipped with α-oxo-aldehyde groups, and were finally grafted with sixteen copies of α-aminooxy-

mannose 90345 via a second oxime ligation, to give mannosylated hexadecavalent glycoclusters 91 and 

92 (Figure 35). 
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Figure 35. Divergent synthetic strategy for assembling mannosylated multivalent glycoclusters 91 and 92 through 
iterative oxime ligation. 

 

 In the first instance, this modular approach required the synthesis of the different modules 

constituting the final macromolecule. Since the assembly was carried out in a divergent manner, the 

synthetic pathway will be described starting from the synthesis of cyclopeptide “core” 89.  

 

 

 

II.2.2. Synthesis of tetravalent cyclopeptide “core” scaffold 89 

 

 Scaffold 89 (Figure 35), containing four α-oxo-aldehyde groups grafted on the upper domain, 

and one lysine’s side chain amino group in the lower domain, was synthesized by combining both solid 

phase and solution peptide synthesis protocols. The integration of dipeptide building blocks in the SPPS 

protocol simplified the synthesis by reducing the number of steps performed in solution, moreover the 

Fmoc-Lys[Boc-Ser(tBu)]-OH dipeptide building block (95, scheme 14) represents a useful intermediate 

for the synthesis of other constructs described in this work. 

Thus, commercially available protected amino acid Boc-Ser(tBu)-OH was reacted with N-

hydroxysuccinimide (NHS) in a AcOEt/dioxane mixture, in the presence of N,N’-diciclohexyl-

90 90

88

64

89 89

91

92
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carbodiimide (DCC). After 15 hours stirring at room temperature, NHS-activated serine 93 was 

obtained in 97% yield and used for the next reaction without further purification. Boc-removal from 

commercial Fmoc-Lys(Boc)-OH was carried out by stirring the amino acid in the presence of a aqueous 

HCl (37% v/v) solution in dioxane, at room temperature for about 20 minutes affording intermediate 

94. Coupling of activated serine moiety 93 on side chain amino group of 94 was carried out in 

dichloromethane (DCM, CH2Cl2) at room temperature, in the presence of DIPEA as base. Crude 

compound 95 was obtained and used for SPPS without any further purification (Scheme 14, Figure 36). 

 

  

 

 

 

 

 

 The synthetic route for platform 89 started with a classic Fmoc/tBu SPPS protocol with of 

PyBOP® as activating agent and DIPEA as base (See Material and Methods for general procedures). 

Fmoc-Gly-SASRIN™ resin was used as solid support for the synthesis of decapeptide sequence 96, 

which incorporates four copies of the building block 95 (Scheme 15). Cleavage from the resin in mild 

acidic conditions, followed by cyclization in diluted DMF/CH2Cl2, and precipitation in ice-cold diethyl 

ether, afforded compound 97 with an overall yield of 57%. Orthogonally protected intermediate 97 

93

94

95

b)a)

Scheme 14. Synthesis of Fmoc-Lys[Boc-Ser(tBu)]-OH building block 94. 
Conditions: [a] NHS (1.1 eq.), DCC (1.1 eq.), AcOEt/dioxane, r.t., 15 h, 97%; [b] 
aq. HCl (37% v/v), dioxane, r.t., 20 min., 95%; [c] 93 (1.0 eq.), 94 (1.0 eq.), DIPEA, 
CH2Cl2, r.t., 4 h, 98%.    

Figure 36. a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 15’) of 95. b) HRMS (ESI+-TOF) of 
95 (zoom). m/z calcd. for [M+Na]+: 634.3104 (monoisotopic), found: 634.3109.  

tR = 10.27 min. 
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also represents a key intermediate for the synthesis of 64 (vide infra). It shows four serine residues 

cleavable in acidic conditions (in blue), while the lysine’s side chain amino group is Alloc-protected, 

and cleaved under reductive conditions (in red). Palladium-catalyzed deprotection of Alloc group, 

followed by Boc and tert-butyl groups removal using a TFA/TIS/H2O (96:2:2) cocktail, afforded fully 

deprotected cyclopeptide 98 in 79% yield over two steps. Treatment of compound 98 with a large 

excess of sodium periodate (10 eq. per serine residue) in H2O caused oxidative cleavage of the four 

serine residues, to give four α-oxo-aldehyde groups.244 Indeed, N-terminal serine residues represent 

useful “masked” aldehyde functions and are easily introduced in peptide synthesis. Aldehyde-bearing 

“core” scaffold 89 was obtained as a white foamy powder, in 78% yield after RP-HPLC purification and 

lyophilization (Figure 37).     

 

 

 

 

 

 

 

 

 

96

97

98 89

b)a)

Scheme 15. Synthesis of cyclopeptide “core” 89. Conditions: [a] 1% TFA, CH2Cl2; [b] PyBOP (1.2 eq.), DIPEA (2 eq.), 
DMF/ CH2Cl2 (1:1), 0.5 mM, r.t., 30 min., 57% overall yield; [c] Pd(PPh3) 4 (cat.), PhSiH3 (25 eq.), CH2Cl2, r.t., 30 min., 
then MeOH (20 mL); [d] TFA/TIS/H2O (96:2:2), r.t., 3 h, 79% over two steps;[e] NaIO4 (40 eq.), r.t. 40 min, direct RP-
HPLC purification, 78%.    

Figure 37. a) Analytical RP-HPLC profile (λ=214 nm, 0-20% solv.B in 15’) of 89. b) HRMS (ESI+-TOF) of 89 (zoom). 
m/z calcd. for [M+H2O+H]+: 1316.6698 (monoisotopic), found: 1316.6715.  

tR = 8.62 min. 
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II.2.3. Synthesis of cyclopeptide 64 and compound 88 as dendrimer’s “arms” 

 

 Cyclopeptide “arm” 64 was obtained starting with selective Pd-catalyzed deprotection of the 

Alloc group in key intermediate 97, followed by reaction between the resulting free amino group and 

Boc-aminooxyacetic acid N-hydroxysuccinimide ester.346 This allowed the introduction of a Boc-

protected aminooxy function in the lower domain of the scaffold (Scheme 16). Cleavage of acid-labile 

protecting groups of 99 was performed in the presence of appropriate scavengers (i.e. TIS, NH2OH and 

H2O) to avoid alkylation of the aminooxy group. The desired aminooxy-bearing compound 64 was 

obtained in 84% yield after preparative RP-HPLC (Figure 38). 

 

 

 

 

 

 

 

 Dendrimer “arm” 88 was synthesized through a SPPS protocol by using Rink amide® resin and 

appropriately protected commercial AAs. Once branched sequence 100 was obtained, removal of 

allyloxycarbonyl (Alloc) protecting group on the lysine’s side chain allowed the functionalization of the 

resulting free amino groups with a Boc-protected aminooxy linker, as seen for intermediate 99, to give 

modified sequence 101 (Scheme 17). Cleavage from the resin under strong acidic conditions, followed 

97
99 64

b)a)

Scheme 16. Synthesis of cyclopeptide “arm” 64. Conditions: [a] Pd(PPh3)4 (cat.), PhSiH3 (25 eq.), CH2Cl2, r.t., 
30 min., then MeOH (20 mL); [b] Boc-aminooxyacetic acid N-hydroxysuccinimide ester (1.2 eq.), DIPEA (1.5 
eq.), DMF, r.t., 20 min., 72% over two steps; [c] TFA/NH2OH/TIS/H2O (94:2:2:2), r.t., 3 h, 84%.    

Figure 38. a) Analytical RP-HPLC profile (λ=214 nm, 0-30% solv.B in 15’) of 64. b) HRMS (ESI+-TOF) of 64 (zoom). 
m/z calcd. for [M+ H]+: 1441.8127 (monoisotopic), found: 1441.8109; calcd. for [M+ Na]+: 1463.7946, found: 
1463.7944.  
 

tR = 6.25 min. 
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by precipitation and RP-HPLC purification afforded pure compound 88 as colorless solid, in good yields 

and purity (Figure 39).  

 

 

 

 

 

 

 

 

 

II.2.4. Hexadecavalent scaffold assembly through oxime ligation 

 

 With intermediates 64, 88 and 89 in hand, we proceeded in a divergent manner by assembling 

the peripheral “arms” (64, 88) to the central scaffold, via an oxime-ligation protocol developed in our 

laboratories (See Materials and Methods).332 Subsequent oxidative cleavage of the resulting serine 

residues provided aldehyde-bearing hexadecavalent scaffold 102 and 103, prone to undergo another 

oxime ligation with aminooxy-mannose moiety.  

Four aldehyde residues on the upper domain of the “core” RAFT scaffold 89 underwent 

condensation with the aminooxy-bearing cyclopeptide “arm” 64 and dendrimer “arm” 88, giving rise 

to hexadecavalent structures (Scheme 18). Oxime ligations were performed by dissolving aldehyde-

bearing scaffold 89 (2-10 mM) with aminooxy-bearing 64, or 88 (4.8-6.0 eq. i.e. 1.2-1.5 eq. per 

aldehyde group) in water containing 0.1% of TFA (pH ≈ 2.2). Solutions were incubated at 37°C without 

100 101

88

b)a)

Scheme 17. Synthesis of dendrimer “arm” 88. Conditions: [a] Pd(PPh3) 4 (cat.), PhSiH3 (25 eq.), CH2Cl2, r.t., 30 min., 
then MeOH (20 mL); [b] Boc-aminooxyacetic acid N-hydroxysuccinimide ester (1.2 eq.), DIPEA (1.5 eq.), DMF, r.t., 
20 min.; [c] TFA/NH2OH/TIS/H2O (94:2:2:2), r.t., 3 h, 37% overall yield.    

Figure 39. a) Analytical RP-HPLC profile (λ=214 nm, 0-20% solv.B in 15’) of 88. b) HRMS (ESI+-TOF) of 88 (zoom). 
m/z calcd. for [M+ H]+: 1022.5958 (monoisotopic), found: 1022.5970. 

tR = 6.25 min. 
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stirring, and showed complete conversion after 45 minutes. Reaction progress was easily monitored 

through RP-HPLC, where hexadecavalent structures showed increased retention time and 

characteristic oxime absorbance at 250 nm. Moreover, the excess of 64 and 88 can be easily detected 

and recovered during preparative RP-HPLC. Treatment of the sixteen peripheral serine residues with a 

large excess of sodium periodate in water, followed by direct RP-HPLC purification, afforded  

compounds 102 and 103 in good yields and purity (Figure 40). 

  

 

 

102 103

89

64 (6.0 eq.)

88 (6.0 eq.)

89

Scheme 18. Synthesis of aldehyde-bearing, hexadecavalent scaffold 102 and 103. Conditions: [a] 0.1% TFA in 
H2O, 37°C, 45 min.; [b] NaIO4 (160 eq.), r.t. 40 min, 72-78% over two steps.   
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II.2.5. Synthesis of aminooxy-mannose building block 90 and functionalization of 

aldehyde-bearing scaffolds via a second oxime ligation 

 

 In order to obtain target compounds 91 and 92, a mannose moiety equipped with an aminooxy 

function must be prepared. Aminooxylated carbohydrates have been shown to represent attractive 

building blocks for the preparation of natural products and for their conjugation into various entities 

such as oligomers, dyes, peptides, oligonucleotides and even carbon nanotubes.238,323,347 Thus, using a 

protocol already described in literature by our group (Scheme 19), tetra-O-benzylated 

mannopyranoside 104 was activated at the anomeric position by treatment with diethylaminosulfur 

trifluoride (DAST) in tetrahydrofuran (THF) to obtain fluorinated compound 105, which was used for 

the subsequent reaction without further purification.348 Glycosylation between donor 105 and N-

hydroxyphthalimide, in the presence of boron trifluoride-diethyl etherate (BF3•Et2O) as promoter, 

[M+4H]4+

[M+3H]3+

[M+2H]2+

b)

a)

Figure 40. a) ESI+-MS spectrum of compound 103. m/z calcd. for [M+2H]2+: 2382.6 (most intense peak of 
isotopic cluster), found: 2382.5; calcd. for [M+3H]3+: 1588.8, found: 1589.1; calcd. for [M+4H]4+: 1191.8, found: 
1191.7. b) Analytical RP-HPLC profile (λ=214 nm, 0-40% solv.B in 15’) of 103.  
 

tR = 6.75 min. 
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afforded α-anomer 106 in 75% yield. Removal of benzyl protecting groups was performed through a 

rapid catalytic hydrogenation, controlled by TLC in order to prevent cleavage of the N-O bond under 

these conditions. Methylhydrazine-mediated cleavage of phthalimido moiety, followed by silica gel 

chromatography afforded aminooxylated compound 90. 

 

 

 

 

 The second oxime ligation of this iterative strategy was thus performed between aldehyde-

bearing, hexadecavalent scaffolds 102 and 103 and twenty equivalents of α-aminooxy-mannose 90 

(1.25 eq. per aldehyde group), in aqueous TFA at 37°C (Scheme 20). Complete conversion within 45 

minutes reaction was observed. Compounds 91 and 92 were purified through preparative RP-HPLC, 

lyophilized and obtained as white foamy solids.  

 

 

 

 

104 : R = OH

105 : R = F

106 90

102

103

91

92

Scheme 19. Synthesis of α-aminooxy-mannose 90. Conditions: [a] DAST (1.2 
eq.), THF, -30°C – r.t., 30 min.; [b] HONPhth (1.0 eq.), TEA (1.0 eq.), BF3•Et2O 
(5.0 eq.), CH2Cl2, r.t., 1 h, 75% over two steps; [c] 10% Pd/C (0.3 eq.), 
MeOH/CH2Cl2 (1:1), r.t., 2 h; [d] EtOH/MeHNNH2 (1:1), r.t., overnight, 50% 
over two steps.        

Scheme 20. Synthesis of. Conditions: [a] 90 (20 eq.), 0.1% TFA in H2O, 37°C, 45 min., 88% for 91, 84% for 92.   



90 
 

Target glycosylated multivalent structures were assembled in good yields and excellent purity 

(Figure 41). By way of example, analytical RP-HPLC of 92 showed a sharp, single-peak profile, 

suggesting compound monodispersity (Figure 41a). 

 

 

 

 

MALDI spectroscopy revealed the presence of entities with smaller molecular weight, which 

cannot be attributed to multicharged ions of compound 92, but rather monocharged ions of target 

compound lacking one the four glycodendrimer “arms” (i.e. m/z ≈ 6008, Figure 41b). To assess whether 

these observation were due to oxime bond fragmentation during mass spectrometry analysis or 

incomplete functionalization, 1H-NMR spectra of final structures in D2O were recorded (Figure 41c). 

Integration ratio between characteristic oxime protons near 7.8 ppm (H = 20), and mannose anomeric 

protons near 5.5 ppm (H = 16), showed to be consistent with target molecule 92, moreover, no 

characteristic hydrated-aldehyde signals near 5.3 ppm were observed. The relative asymmetry of this 

macromolecular glycoconjugate and the different environments of the twenty oxime bonds influence 

chemical shift of these characteristic protons, resulting in peak broadening and signal shifting. These 

factors, together with the inherent complexity of 92 (Figure 41d), make complete chemical shift 

assignment very hard without more powerful experiments involving high-field NMR, NOESY, TOCSY 

and ROESY.349  

 Compounds 91 and 92 represent valid models for the construction of homo-hexadecavalent 

TACA-based glycoclusters. This iterative, oxime-based synthetic approach has been adopted for the 

H2O

c)

a) b)

Figure 41. a) Analytical RP-HPLC profile (λ=214 nm, 0-40% solv.B in 15’) of 92. b) MALDI-TOF spectrum (zoom) 
of compound 92. m/z calcd. for [M+H]+: 7599.5 (average), found: 7598.8; (ф = fragmentation). c) 1H-NMR (400 
MHz, D2O) zoom of compound 92. 

tR = 6.60 min. 

[M+H]+ 

ф 
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construction of Tn-based multivalent glycoclusters as B-cell epitope modules, equipped with a free 

amino residue on the lower domain of the “core” scaffold which can be further functionalized (vide 

infra).   
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II.3. (OX)Tn-functionalized multivalent glycodendrimer assembly based on 

divergent iterative oxime strategy 

 

 Owing to the robustness of our iterative oxime-based strategy, we exploited hexadecavalent 

aldehyde-bearing scaffold 102 (Scheme 18) for the construction of a multivalent glycocluster 

decorated with our Tn-antigen analogue 63 (Scheme 11, 21).  

 The synthetic route for the installation of an aminooxy residue at the anomeric position in his 

alpha configuration was similar to that described in scheme 19. Fluorination of per-acetylated 

compound 107, bearing an azido group in C-2, afforded intermediate 108 (Scheme 21). Glycosylation 

with HOPhth, using BF3•Et2O, provided an anomeric mixture of α- and β-anomers, which were isolated 

by column chromatography to give compound 109 in 88% yield. The azido moiety underwent 

concomitant reduction and acetylation of the resulting amino group, by catalytic hydrogenation in a 

methanol/acetic anhydride (9:1) mixture. Finally, methylhydrazine-mediated deprotection of acetate 

groups and phthalimido moiety afforded α-aminooxy-Tn 63, in 72% yield.348           

 

 

 

 

 The final oxime conjugation step of the iterative protocol thus involved aldehyde-bearing 

scaffold 102 and α-aminooxy-Tn 63, and was carried out under the same conditions described above 

(Scheme 20). Complete functionalization was observed within 30 minutes at 37°C. Target compound 

111 (Figure 42) was obtained in 84% yield and excellent purity. The monodispersity of the multivalent 

B-cell epitope carrier has been suggested by single-peak analytical RP-HPLC profile (not shown), and 

confirmed via mass spectrometry (Figure 42a) and 1H-NMR spectroscopy (Figure 42b).  

  

107 : R = OH

108 : R = F
109 : R = N3

110 : R = NHAc

63

Scheme 21. Synthesis of α-aminooxy-Tn 63. Conditions: [a] DAST (1.2 eq.), 
THF, -30°C – r.t., 30 min.; [b] HONPhth (1.0 eq.), TEA (1.0 eq.), BF3•Et2O (5.0 
eq.), CH2Cl2, r.t., 1 h, 88% over two steps; [c] 10% Pd/C (0.3 eq.), MeOH/Ac2O 

(9:1), r.t., 2 h; [d] EtOH/MeHNNH2 (1:1), r.t., overnight, 72% over two steps.        
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 Tn-based glycocluster 111 represents a useful intermediate for the construction of fully 

synthetic anticancer vaccine prototypes, with multivalent B-cell antigen display. The subsequent steps 

for the construction of the final vaccine prototypes, involving the attachment of peptide CD4+ and CD8+ 

epitopes via disulfide-bond formation, along with immunological preliminary results, will be described 

in chapter IV.    

Our modular approach, based on the iterative oxime-conjugation of appropriately 

functionalized building blocks, allows for an efficient multi-step synthesis of high-valency structures, 

which are efficiently assembled in a divergent manner.350 The introduction in our synthetic strategy of 

another chemoselective reaction, compatible with oxime ligation, would be certainly beneficial for 

designing new macromolecular architectures. In the next section, a convergent synthetic approach, 

integrating the copper(I)-catalyzed alkyne-azide cycloaddition, will be described. Although the 

reported oxime-based, divergent strategy demonstrated its efficacy, a convergent assembly would 

provide a better control of the conjugation chemistry and, in our case, also increased the synthetic 

path efficiency by allowing the recovery of key intermediates.  

 

 

[M+6H]6+

[M+4H]4+

[M+5H]5+

a)

b)

111

H2O

Figure 42. a) ESI+-MS spectrum of compound 111. m/z calcd. for [M+ 6H]6+: 1656.4 (most intense 
peak of isotopic cluster), found: 1656.2; calcd. for [M+ 5H]5+: 1987.5, found: 1987.3; calcd. for [M+ 
4H]4+: 2484.2, found: 2484.9. b) 1H-NMR (400 MHz, D2O) zoom of compound 111.  
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II.4. (TRZ)Tn-functionalized multivalent glycodendrimer assembly based on 

convergent oxime/CuAAC strategy 

 

 The chemistry of multivalent glycosylated systems has tremendously progressed over the past 

decade, enriching the panel of already described architectures by designing new structures, which 

represent valuable tools for both studying carbohydrate-protein interaction and for biomedical 

applications.94,114,313,351,352 In this research field, our group has developed an iterative, oxime-based 

strategy for assembling glycoclusters and glycodendrimers on conformationally stable cyclopeptide 

RAFT scaffolds.228,353 Thanks to this strategy, we have been able to reach high-orders valencies (i.e. up 

to sixty four),345,350 giving rise to multivalent glycodendrimers with sub-nanomolar affinities towards 

vegetal and bacterial lectins.354,355   

 

 

 

II.4.1. General strategy 

 

In a previous report by our research group,356 the iterative oxime-based approach 

demonstrated to be suitable for a divergent assembly of hexadecavalent glycodendrimers (Figure 43a), 

but it failed when applied to a convergent assembly strategy (Figure 43b). The last step of the 

convergent assembly involves the conjugation of four glycosylated cyclopeptide “arms” onto a central 

scaffold, to give the final hexadecavalent structure (Figure 43b,d). We observed that performing this 

last step via oxime ligation was not possible when using oxime-containing cyclopeptide “arms” 

functionalized with aminooxy linkers. Analytical RP-HPLC chromatograms revealed crowded, multi 

peak profiles, presumably due to trans-oximation side-reactions. 

 We thus developed a synthetic approach combining oxime ligation, for linking glyco-

cyclopeptide “arms” on central “core” scaffolds, and CuAAC, for the conjugation of the peripheral 

saccharide moiety (Figure 43c,d). This new strategy allowed the controlled assembly of cyclopeptide 

and carbohydrate building blocks both in a divergent and convergent fashion, with excellent yields and 

purity.  
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 Due to the documented fragility of the peripheral oxime-linked carbohydrates during mass 

spectrometry analysis, we chose to use the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) for 

the installation of the saccharide moiety.356 This should reduce the ambiguities often observed in mass-

spectrometry characterization, as reported for 92 (Figure 42b), where fragmentation phenomena 

could be miss interpreted as incomplete functionalization. The advantage of a convergent assembly 

also rely on the possibility to better assess the monodispersity of the tetravalent glycosylated “arms”, 

before their inclusion in the final hexadecavalent macromolecule, where deletion of peripheral 

saccharide units results more difficult to detect.  

For the development of this new synthetic strategy we employed N-acetylgalactosamine 

(GalNAc) as carbohydrate moiety, which represents the saccharide analogue of Tn antigen, key 

building block for the construction of synthetic anticancer vaccines. The binding efficacy of the 

resulting structures has been tested via competitive enzyme-linked lectin assay (ELLA). To assess if the 

DIVERGENT

DIVERGENT

CONVERGENT

CONVERGENT

ITERATIVE OXIME-BASED

COMBINED OXIME/CuAAC

a)

b)

c)

d)

Figure 43. Divergent assembly of hexadecavalent glycodendrimers by: a) iterative 
oxime-based strategy, and c) combined oxime/CuAAC strategy. Convergent 
assembly of hexadecavalent glycodendrimers by: b) iterative oxime-based 
strategy (failed), and d) combined oxime/CuAAC strategy. Ox = oxime linker, Trz = 
triazole linker. 
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impact of sugar orientation is retained in a multivalent carbohydrate presentation, we generated two 

series of compounds where the GalNAc moiety is displayed in its α- or β-configuration.  

 

 

 

II.4.2. Synthesis of propargyl-Tn building blocks 112 and 113 

 

 A few groups recently proposed different synthetic strategies for the preparation of O-

propargyl GalNAc 112 and 113. In 2009, Fairbanks and co-workers described the preparation of the 

alpha anomer 112 by a Fisher-type glycosylation.357 Sulphuric acid treatment of unprotected GalNAc 

in the presence of silica, and equimolar amounts of propargyl alcohol, afforded the α/β anomeric 

mixture (3:2) in 54% yield after recrystallization. Brimble’s research group described another protocol 

to obtain compound 112, involving the glycosylation of propargyl alcohol on 1,3,4,6-tetra-O-acetyl-2-

azido-2-deoxy-D-galactose in the presence of BF3•Et2O as promoter.358 After reduction/acetylation of 

the azido group, using Zn and Ac2O/pyridine, both anomers (115 and 116) were separated by silica gel 

chromatography (26% yield, α:β = 4.5:1). In 2010, Sewald and co-workers also described the synthesis 

of 112 performing a Koenigs-Knorr reaction from the azidochloride precursor as key step.359 After 

glycosylation, the azido group was reduced and subsequently acetylated with AcSH/pyridine, following 

α/β anomers separation (20% yield, α:β = 5:1) and O-acetyl groups removal under Zemplén conditions. 

 Our proposed synthetic strategy relies upon fluoride donor 108,219 which underwent 

glycosylation with propargyl alcohol in dichloromethane, using BF3•Et2O as promoter (Scheme 21). An 

inseparable mixture of α and β anomers 114 was obtained in 90% yield (α:β = 6:4). The azido group 

was next converted into the –NHAc group using triphenylphosphine (PPh3) in the presence of acetic 

anhydride.360 Separation of α and β anomers was performed by silica gel chromatography, affording α 

anomer 115 (45%) and β anomer 116 (36%). Stereochemistry of the anomeric carbon in 115 was 

confirmed both by the coupling constant measured by 1H-NMR and (JH1-H2 = 4.0 Hz) and by RX 

diffraction analysis, which are in good agreement with literature data. Both anomers were finally 

deacetylated under Zemplén conditions to afford the corresponding prop-2-ynl-2-acetamido-2-deoxy-

α/β-D-galactopyranosides 112 and 113 in overall 23% and 12% yields from 108, respectively.  

 



97 
 

 

 

 

 

 

II.4.3. Synthesis of azido-bearing cyclopeptides 120 and 121  

 

 In order to adapt our RAFT  platform for the CuAAC-based strategy, we synthesized 6-azido-N-

Fmoc-norleucine building block 117 (Scheme 22),361 which was integrated in SPPS.  

 The first step involved the synthesis of the diazo-transfer agent, namely imidazole-1-sulfonyl 

azide hydrochloride (118, scheme 22).362 Equimolar amounts of sulfuryl chloride were added drop-wise 

to an ice-cooled suspension of sodium azide in acetonitrile and the reaction was stirred overnight. 

Imidazole was added to the ice-cooled mixture, and the reaction was stirred again for three hours 

before being treated with HCl in ethanol, to obtain the more stable hydrochloride form as colorless 

crystalline solid. Treatment of Fmoc-lysine 94 with freshly prepared 118 in a methanol/water mixture, 

in the presence of two equivalents of potassium carbonate as base, afforded compound 117 via diazo-

transfer. Concentrated crude material was taken into a water/ethyl acetate emulsion and extracted in 

the organic phase after acidification to pH 4. The desired building block was obtained in excellent yield 

and purity. Therefore it was used for SPPS without any further purification (Figure 44). 

 

 

 

115 : R = Ac

112 : R = H

116 : R = Ac

113 : R = H
114108

118

94 117

Scheme 21. Synthesis of α-propargyl-GalNAc 112 and β-propargyl-GalNAc 113. Conditions: 
[a] propargyl alcohol (4.0 eq.), BF3•Et2O (2.0 eq.), CH2Cl2, 0 °C, 2 h, 90%, α:β = 3:2; [b] PPh3 
(1.25 eq.), Ac2O (3.0 eq.), CH2Cl2 , r.t., 16 h, 45% for 115, 36% for 116; [c] NaOMe/MeOH, 
r.t., 4 h, 95-96%.    

Scheme 22. Synthesis of 6-azido-N-Fmoc-norleucine building block 117. 
Conditions: [a] SO2Cl2 (1.0 eq.), CH3CN, 0°C to r.t., overnight; [b] Imidazole 
(1.9 eq.), 0°C to r.t., 3 h, 78% over two steps; [c] K2CO3 (2.1 eq.), MeOH/H2O 
(2:1), r.t., 5 h, 95%.   
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 We performed our SPPS protocol on Fmoc-Gly-SASRIN™ solid support, including azido-bearing 

modified lysine 117 in the linear sequence, to obtain 119 (Scheme 23). The linear assembly of sequence 

119 was performed manually due to the tendency of 117 to precipitate in DMF or NMP (N-methyl-2-

pirrolidinone) solutions at the operative concentration of automated SPPS synthesis. Cleavage from 

the resin in mild acidic conditions, followed by cyclization in diluted DMF/CH2Cl2 mixture, in the 

presence of PyBOP® afforded the desired cyclopeptide scaffold. The Boc protecting group was readily 

removed by treatment with a 50% TFA/CH2Cl2 solution. After precipitation and RP-HPLC purification, 

pure compound 120 was isolated  in 49% overall yield. This key intermediate was used as platform for 

the assembly of tetravalent triazole-linked glycoclusters, and for the construction of azide-bearing 

cyclopeptide “arms”, which served for the divergent assembly route (Figure 45). 

Functionalization of the free amino group on the lower domain of scaffold 120 with Boc-

aminooxyacetic acid N-hydroxysuccinimide ester, followed by treatment with 50% TFA/CH2Cl2 

afforded the cyclopeptide “arm” 121, in 91% yield over two steps (Scheme 23). Key intermediate 121 

is equipped with four azido residues on the upper domain, and one free aminooxy function on the 

lower domain, prone to undergo oxime ligation with an aldehyde moiety.       

 

 

 

b)a)

119

120 121

Figure 44. a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 15’) of 117. b) HRMS (ESI+-TOF) 
of 117 (zoom). m/z calcd. for [M+Na]+: 417.1539 (monoisotopic), found: 417.1540.  

tR = 7.85 min. 
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II.4.4. Divergent and convergent assembly of (TRZ)Tn-bearing hexadecavalent 

glycodendrimers 126 and 127 

 

 With compound 120 in hand, we started by synthesizing tetravalent glycoclusters 122 and 123 

via CuAAC (Scheme 24). Three distinct solutions of equal volumes were prepared: (i) a first solution 

containing the azido-moiety 120 in DMF, plus α anomer 112 or β anomer 113 (Scheme 21) (Solution 

A), (ii) a second solution containing CuSO4 and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) in 

PBS (pH 7.4) (Solution B), (iii) a third solution of sodium ascorbate  in PBS (Solution C). Blue-colored 

solution B, containing copper is in his oxidation state +2, also contained the THPTA ligand, a widely 

employed stabilizer of copper(I) during CuAAC.363 Upon addition of ascorbate-containing solution C, 

the blue color of solution B disappeared due to the reduction of copper(II) to copper(I), which 

represents the active catalytic species in CuAAC. The resulting mixture, containing copper(I) and its 

ligand, was added to solution A, which contained azido- and alkyne-partners, and the reaction mixture 

was stirred at room temperature for one to two hours. All solution were previously degassed, by 

repeated vacuum/N2 cycles, to reduce the presence of molecular oxygen which could re-oxidize 

copper(I) to copper(II). Indeed, when reaction mixture turned from colorless to green, suggesting the 

re-oxidation of copper(I), the triazole formation was incomplete, leading to partially functionalized 

structures. In those cases, the reaction has been able to proceed to completion upon addition of an 

b)a)

Scheme 23. Synthesis of cyclopeptide key intermediates 120 and 121. Conditions: [a] 1% 
TFA, CH2Cl2; [b] PyBOP (1.2 eq.), DIPEA (2 eq.), DMF/CH2Cl2 (1:1), 0.5 mM, r.t., 30 min.; [c] 
TFA/CH2Cl2 (1:1), r.t., 30 min., 49% overall; [d] Boc-aminooxyacetic acid N-
hydroxysuccinimide ester (1.2 eq.), DIPEA (1.5 eq.), DMF, r.t., 20 min.; [e] 
TFA/NH2OH/CH2Cl2 (50:2:48), r.t., 30 min., 91% over two steps. 

Figure 45. a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 15’) of 120. b) HRMS (ESI+-TOF) of 120 
(zoom). m/z calcd. for [M+H]+: 1124.6302 (monoisotopic), found: 1124.6284; calcd. for [M+ Na]+: 
1147.6147 (second peak on isotopic cluster), found: 1147.6117.    

tR = 7.97 min. 
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excess of sodium ascorbate. Nevertheless, it was possible to adjust the equivalents of CuSO4, THPTA 

and sodium ascorbate to limit the premature re-oxidation of copper(I), and at the same time obtain 

clear chromatographic profiles. Once reaction completion was confirmed by LC-MS, chelating resin 

Chelex® was added to the stirred mixture for 30 minutes in order to remove the excess of copper, 

filtration and purification via preparative RP-HPLC afforded tetravalent glycoclusters 122 and 123 in 

good yields and purity (Scheme 24).  

 

 

 

 

 

 

Tetravalent glyco-cyclopeptide 122, decorated with triazole-linked α-GalNAc moieties, was 

further functionalized with an aminooxy linker on the lower domain of the platform. As seen for 121 

(Scheme 23),  reaction with Boc-aminooxyacetic acid N-hydroxysuccinimide ester,346 followed by 

treatment with 50% TFA/CH2Cl2 allowed the introduction of a reactive aminooxy function, in 77% yield 

over two steps. Glycosylated “arm” building block 124, obtained in excellent purity and easily 

b)a)

Scheme 24. Synthesis of glycosylated cyclopeptide clusters 122, 123, and glycosylated cyclopeptide “arm” 
124. Conditions: [a] 112/113 (6.0 eq.), CuSO4 (cat.), THPTA (20 eq.), Na ascorbate (32 eq.), DMF, PBS (pH 
7.4, 10 mM), r.t., 2 h, 84% for 122, 83% for 123; [b] Boc-aminooxyacetic acid N-hydroxysuccinimide ester 
(1.2 eq.), DIPEA (1.5 eq.), DMF, r.t., 20 min., [c] TFA/NH2OH/CH2Cl2 (50:2:48), r.t., 30 min., 77% over two 
steps. 

Figure 46. a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 20’) of 124. b) HRMS 
(ESI+-TOF) of 124 (zoom). m/z calcd. for [M+ Na]+: 2257.0573 (most intense peak of isotopic 
cluster), found: 2257.0632.  

tR = 10.39 min. 
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characterized via mass spectrometry (Figure 46), has been used to assess the validity of the convergent 

assembly (vide infra).      

 With all needed intermediates in hand, we pursued our synthetic route starting from the 

divergent assembly of hexadecavalent glycodendrimers 126 and 127 (Scheme 25a). Four cyclopeptide 

“arm” 121, decorated with four azide residues on the upper domain and one aminooxy function on 

the lower domain, were grafted on aldehyde-bearing cyclopeptide “core” scaffold 89 via oxime 

ligation.    

 

 

 

 

 The reaction was performed in a TFA-containing water/acetonitrile mixture (pH ≈ 2.2), since 

the presence of the azido moiety on 121 reduces its solubility in water. After 40 minutes incubation at 

37°C, LC-MS revealed that the conjugation was completed (Figure 47). As reported on UPLC 

chromatogram in figure 47a, the more polar peak (rt, retention time = 5.09 min.) corresponded to the 

excess of 121 (Scheme 25, Figure 47b) which was isolated and recovered. The single peak at tR = 6.42 

minutes contained target compound 125 (Scheme 25, Figure 47c), which was isolated in 90% yield 

after preparative RP-HPLC.    

121

124

89

125

CONVERGENT

DIVERGENT
a)

b)

Scheme 25. a) Divergent assembly of hexadecavalent glycodendrimers 126 and 127. b) Convergent assembly of 
hexadecavalent glycodendrimer 126. Conditions: [a] 89, 121 (6.0 eq.), 0.1% TFA in CH3CN/H2O (1:1), 37°C, 40 
min., 85%; [b] 89, 124 (6.0 eq.), 0.1% TFA in H2O, 37°C, 40 min., 90%; [c] 112/113 (20 eq.), CuSO4 (cat.), THPTA 
(80 eq.), Na ascorbate (100 eq.), DMF, PBS (pH 7.4, 10 mM), r.t., 2 h, 70% for 126, 69% for 127.         
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Figure 47. a) UPLC profile (λ=214 nm, 5-60% solv.D in 7’) of oxime ligation between 121 and 89. b) ESI+-MS 
spectrum of compound 121. m/z calcd. for [M+ H] +: 1197.7 (monoisotopic), found: 1197.7; calcd. for [M+ 2H]2+: 
599.3, found: 599.5; c) ESI+-MS spectrum of compound 125. calcd. for [M+ 2H]2+: 2981.6 (most intense peak on 
isotopic cluster), found: 2981.5; calcd. for [M+ 3H]3+: 1998.1, found: 1998.0; calcd. for [M+ 4H]4+: 1491.3, found: 
1491.3; calcd. for [M+ 5H]5+: 1193.2, found: 1193.3.   

 

 Azide-bearing, hexadecavalent scaffold 125 was next reacted with propargylated carbohydrate 

building blocks 112 and 113 via copper(I)-catalyzed alkyne-azide cycloaddition (Scheme 25a). The 

reaction was carried out under the same conditions to that reported for the assembly of tetravalent 

glycoclusters 122 and 123 (Scheme 24). Compound 126 (Figure 48) was easily isolated after preparative 

chromatography in 70% yield.    

 

 

 

a)

b)

c)

[M+3H]3+

[M+2H]2+

[M+H] +[M+2H]2+

[M+4H]4+

[M+5H]5+

121

125

minutes

ab
so

rb
an

ce

126

THPTA

DMF
ascorbate

Figure 48. Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 20’) of CuAAC 
reaction between 125 and 112.  

tR = 8.85 min. 
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 Compounds 126 and 127 showed no traces of partially glycosylated structures, and their 

analysis via 1H-NMR (Figure 49) has shown characteristic signals for triazole protons (≈ 8.0 ppm), oxime 

protons (≈ 7.7 ppm) and carbohydrate anomeric protons (≈ 5.0 ppm, for α anomer, 4.93-4.90 for β 

anomer, not shown). Signal’s integration values were in accordance with the expected ratio: four 

oxime protons, sixteen triazole protons and sixteen anomeric protons. In contrast with the previous 

iterative oxime-based synthetic approach, no peak corresponding to fragmentation of the 

carbohydrate moiety were observed on MALDI spectra, thus confirming the monodispersity of the 

glycodendrimers.356  

 

 

 

 

 We next evaluated whether the convergent approach could be used to prepare 

glycodendrimer 126. For this purpose, four copies of glycocluster 124, with an aminooxy linker on the 

lower domain of the scaffold, were conjugated onto aldehyde-bearing cyclopeptide “core” 89 via 

oxime ligation (Scheme 25b). The reaction was carried out under our general conditions, in water 

containing 0.1% TFA. After 40 minutes reaction at 37°C, compound 126 was obtained in 90% yield after 

RP-HPLC purification, thus confirming that the convergent approach can be successfully employed by 

using both oxime and CuAAC conjugations. In terms of efficiency, the synthesis of compound 126 

realized via convergent pathway proceeded with a slightly improved yield of 58% from key precursor 

120, compared to the 54% yield obtained with the divergent assembly. Moreover our convergent 

strategy allowed the recovery of the excess of key building block 124, which could be isolated during 

preparative RP-HPLC.  

 

 

  

Figure 49. 1H-NMR (400 MHz, D2O) zoom of compound 126.  
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II.4.5. Evaluation of the binding activity of glycodendrimers 122, 123, 126 and 127 

on SBA lectin via ELLA 

 

 Several groups have studied the recognition of GalNAc by specific lectins. For example Bertozzi 

and co-workers developed microarrays systems in which glycans are presented on polymer backbones, 

mimicking the spatial arrangements of native mucins.364 By modulating the molecular composition and 

surface density of these mucin mimetics, they have shown how parameters such as GalNAc valency 

and inter-ligand spacing affect their recognition by several GalNAc-specific lectins. In addition, if other 

studies have demonstrated the influence of glycan density on lectin binding, the recognition 

mechanism is not fully addressed.365,366 Dam and co-workers reported isothermal titration 

microcalorimetry (ITC) measurements and hemagglutination inhibition assays for the binding of the 

soyabean agglutinin (SBA) lectin to modified forms of porcine submaxillary mucin (PSM), which 

possesses GalNAc residues (saccharide part of Tn antigen, see figure 12).367 The SBA lectin is a tetramer, 

in which GalNAc-binding domains are located at the apexes of a quadrangle spaced by 5 and 7 nm. Its 

high affinity (Kd = 0.2 nM) for a modified form of PSM (≈ 2300 GalNAc residues) indicated that 

increasing the number of GalNAc epitopes leads to higher affinities (avidities). Further investigations 

suggested that before complete dissociation from the modified mucin, the lectin follows a “bind and 

jump” kinetic, interacting with one carbohydrate to another along the mucin backbone.368,369 

 We selected SBA lectin to evaluate how parameters such as GalNAc valency and anomeric 

configuration of the saccharide moiety can affect the recognition process. Thus, a competitive ELLA 

was carried out using a GalNAc-polymer coated to microtiter plates. Lectin binding to the polymer-

coated surface was challenged with monovalent GalNAc, as positive reference, along with tetravalent 

compounds 122-123 (Scheme 24) and hexadecavalent glycodendrimers 126-127 (Scheme 25) (Figure 

50). IC50 values, corresponding to the concentration of glycoconjugates required to prevent 50% of the 

binding, are reported in table 4.  
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 Results showed that all glycoclusters (122-123) and glycodendrimers (126-127), in both 

anomer series, are able to prevent SBA lectin adhesion at micromolar concentrations. In the beta series 

(Figure 50b), a binding improvement was observed when valency increased. IC50 values dropped from 

27.3 µM to 8.6 µM for tetravalent glycocluster 123 and hexadecavalent glycodendrimer 127, 

respectively, while for monomeric GalNAc an IC50 of 154 µM was observed. Although, when relative 

potency (rp) values are compared to the number of saccharide copies grafted on our constructs (n), 

values close to 1 suggest that inhibition occurred due to a simple concentration effect instead of 

multivalency, which is the case of 123 and 127. More interestingly, stronger inhibition effects were 

a) b)

     

Compound n[a] IC50
[b] (µM) rp[c] rp/n[d]

GalNAc - 154.8±26 1 1

122 4 4.9±0.6 31.6 7.9

123 4 27.3±2 5.6 1.4

126 16 0.46±0.1 330.8 20.16

127 16 8. 6±0.3 17.9 1.1

Figure 50. Inhibition curves for the binding of SBA-HRP to GalNAc-polymer by a) GalNAc monomer (), 
compound 122 (), or compound 126 (); b) GalNAc monomer (), compound 123 (), or compound 
127().   
 

Table 4. Inhibition of SBA lectin adhesion to GalNAc-coated plates 
determinded by ELLA. [a] Number of carbohydrate residues per 
glycoconjugate; [b] Average of three independent experiments; [c] 
Relative potency “rp” = IC50(monosaccharide)/IC50(glycoconjugate); [d] 
Relative potency/number of carbohydrate residues “rp/n” = relative 
potency/n.  
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obtained in the alpha series (Figure 50a). Firstly, a strong improvement in terms of IC50 was obtained 

when tetravalent glycocluster 122 was compared to hexadecavalent glycodendrimer 126 (from 4.9 to 

0.46 µM). Relative potency of the most potent compound (126) showed a 330-fold higher binding 

improvement compared to the GalNAc monomer (Table 4). The ratio between the obtained relative 

potency (i.e. 330.8) and number of carbohydrate copies displayed on the glycodendrimer (i.e. 16) gave 

a rp/n value of 20, meaning that each GalNAc residue grafted on the hexadecavalent scaffold has an 

inhibition efficacy equal to that of twenty monomeric GalNAc unities. This result suggested that 

glycodendrimer 126 displays α-GalNAc residues in a more favorable orientation to ensure a multivalent 

interaction with SBA lectin binding sites. Although showing moderate binding efficacies towards SBA 

lectin, our trials demonstrated that the binding properties of the described glycoconjugates are 

strongly dependent on structural parameters represented by saccharide epitope orientation (α/β 

anomeric configuration) and valency. Similar observations have been often observed for other lectins. 

This work has been published as a full paper in Organic & Biomolecular Chemistry (RSC).370 

 

 In conclusion, through our combined synthetic strategy we assessed the validity of a 

convergent approach for the controlled assembly of hexadecavalent glycodendrimers decorated with 

a GalNAc moiety (Figure 43). The feasibility of the convergent assembly has been assessed after 

performing the already described divergent method. The reported synthetic strategy involved the 

combination of two orthogonal chemoselective reactions: OL and CuAAC, which were carried on by 

using synthetic protocols developed in our laboratory. By our synthetic strategy, we exploited the 

oxime ligation to conjugate cyclopeptide “arms” on a central “core” scaffold, giving rise to 

hexadecavalent dendrimer-like architectures, while CuAAC was employed to graft the peripheral 

saccharide moiety. Thanks to their higher chemical stability, the introduced triazole linkers generated 

a minor extent of fragmentation during MALDI analyses. 1H-NMR experiments confirmed the previous 

observation, showing characteristic signals, between 5 and 8 ppm, which have given consistent 

integration values.  

Binding assays to SBA lectin through ELLA suggested a strong dependency on saccharide orientation 

and valency for the different tetravalent- and hexadecavalent compounds, enriching our 

understanding in the field of protein-carbohydrate interactions and allowing a multimodal assembly 

of large glycodendrimers with interesting biological applications. 
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II.5. Synthesis of a new set of mannosylated tetracosavalent 

glycodendrimers  

 

The above-described synthetic strategies allowed us to reach well-characterizable, multivalent 

glycosylated structures through the controlled assembly of pre-synthesized building blocks. The 

reliability of carbohydrate- and peptide-chemistry protocols, together with the efficacy and simplicity 

of click-chemistry reactions ensured the basis for the development of an efficient modular synthetic 

strategy. With the aim to pursue our investigations towards the design and synthesis of glycoclusters 

and glycodendrimers with interesting biological activity, we undertook the synthesis of a new set of 

multivalent constructs. Once again, we decided to decorate our structures with mannose residues, 

since mannose represents a simple and readily available carbohydrate unit which can be valorised with 

a large choice of biological targets.     

 

 

 

II.5.1. Introducing a small library of multivalent mannosylated glycoconjugates  

 

The proposed mannosylated multivalent structures (128-135, figure 51) have different 

topology, carbohydrate density, and valencies of four, six and twenty-four. We generated this small 

library of compounds using our synthetic protocols, involving OL and CuAAC orthogonal 

chemoselective reactions; tetracosavalent (24-valent) structures were reached by the assembly of 

both clustered and dendrimer-like tetravalent glycosylated “arms” on both hexavalent RAFT and 

cyclophosphazene “core” scaffolds. Thus, we started by synthesizing backbone peptide structures 

based on: (i) rigid RAFT scaffolds displaying four or six lysine residues in the upper domain, and (ii) a 

flexible lysine-based tetravalent dendron. In addition, we prepared a (iii) hexavalent 

cyclophosphazene-based “core” inorganic platform, which has been shown by X-ray crystallography to 

adopt a conformation in which three substituents point toward the upper face of the planar 

phosphazene, and the other three point downward (vide infra).371,372 With these platform in hand, 

different combinations were prepared to provide tetravalent (128, 130), hexavalent (129, 131) and 

tetracosavalent (132-135) glycodendrimers (Figure 51). The resulting glycoclusters and 

glycodendrimers were characterized and evaluated by isothermal titration calorimetry for their 

binding to BCL-2A lectin: a well-characterized, pathogen-related bacterial protein, with high affinity for 

α-D-mannopyranoside (Kd = 2.7 µM). 
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Figure 51. Structures of tetra-, hexa- and tetracosavalent glycodendrimers 128-135. 

 

 

 

II.5.2. Synthesis of RAFT-, dendron-, and cyclophosphazene-based scaffolds 

 

 The first step of syntheses involved the preparation of appropriately functionalized scaffolds. 

We adapted our previously reported procedures to synthesize RAFT cyclopeptide 137, with six lysine 

residues pointing their side chains in the upper domain of the scaffold (Scheme 25). This platform 

128 129 130
131

132 133

134

135
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would allow for an extended multivalency, owing to its two additional conjugation sites, in a rigid and 

well oriented backbone, on condition that antiparallel β-sheet conformation is retained.  Resin-bound 

sequence 136 was thus obtained via a classic Fmoc/tBu SPPS protocol (Resin = Fmoc-Gly-SASRIN™) 

using commercially available amino acids. Cleavage from the resin in mild acidic conditions, followed 

by cyclization in diluted conditions and Boc-groups deprotection (Scheme 25) afforded RAFT 137 in 

49% overall yield. We were glad to observe that cyclization proceeded smoothly, using the same 

conditions as for 10-mer oligopeptides 96 (Scheme 15) and 119 (Scheme 23). After purification, 

cyclopeptide 137 was characterized by analytical RP-HPLC and mass spectrometry (Figure 52a, b). With 

intermediate 137 in hand, we next performed circular dichroism (CD) experiments to assess its 

antiparallel β-sheet conformation. Results were in agreement with literature, showing a positive band 

at ≈ 200 nm and negative band around 220 nm. Moreover CD profiles of 137 and 120 (Scheme 23) 

were consistently comparable (Figure 52c). This observations confirm that the addition of four amino 

acids in the cyclopeptide does not seem to affect the conformational stability of the scaffold.373    

Having confirmed the chemical and conformational identity of intermediate 137, we next 

functionalized its six free amino-residues with either azido- or aldehyde -functions, to provide 

appropriate anchorage points for CuAAC and oxime-ligation, respectively (Scheme 26). 2,5‐

dioxopyrrolidin‐1‐yl-2-azidoacetate374 was coupled to RAFT 137 in the presence of DIPEA as base, to 

give azido-bearing scaffold 138. In-solution coupling between 137 and Boc-Ser(tBu)-OH was carried on 

in DMF, in the presence of DIPEA and PyBOP® as activating agent. Following acid-mediated Boc/tBu 

deprotection, and oxidative cleavage of the six serine residues, α-oxo-aldehyde functionalized “core” 

scaffold 139 was obtained in 56% yield over three steps.   
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136

137 138

139

b)a)

c)

120

137

Scheme 26. Synthesis of hexavalent cyclopeptides 137-139.  Conditions: [a] 1% TFA, CH2Cl2; [b] PyBOP (1.2 
eq.), DIPEA (2.0 eq.), DMF/CH2Cl2 (1:1), 0.5 mM, r.t., 30 min.; [c] 50% TFA/CH2Cl2, r.t., 30 min, 49% overall 
yield; [d] 137, 2,5-dioxopyrrolidin-1-yl-2-azidoacetate (10 eq.), DIPEA (7.1 eq.), DMF, r.t., 30 min., 85%. [e] 
137, Boc-Ser(tBu)-OH (7.8 eq.), DIPEA (11.2 eq.), DMF, r.t., 1 h; [f] TFA/TIS/H2O (96:2:2), r.t., 3 h; [g] NaIO4 
(60 eq.), H2O, r.t., 40 min., direct RP-HPLC purification, 56% over three steps.           

Figure 52. a) Analytical RP-HPLC profile (λ=214 
nm, 0-30% solv.B in 15’) of 137. b) HRMS (ESI+-
TOF) of 137 (zoom). m/z calcd. for [M+H]+: 
1361.8745 (monoisotopic), found: 1361.8750. 
c) Superposed circular dichroism spectra of 
compounds 120 and 138.  
 

tR = 5.25 min. 
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Branched penta-peptide sequence 140 was synthesized on Rink amide resin by employing 6-

azido-N-Fmoc-norleucine building block 117 (Scheme 22). The two free amino groups were then 

reacted with 2,5-dioxopyrrolidin-1-yl-2-azidoacetate374 to install two additional azido moieties (141, 

scheme 27a). Subsequent cleavage from the resin under strong acidic conditions afforded tetravalent 

azido-bearing dendrimer 142 in 65% overall yield (Scheme 27a). 

Hexavalent propargylated scaffold 143 was synthesized by Dr. David Goyard (post-doctoral 

researcher) via nucleophilic substitution between hexachlorocyclotriphosphazatriene and 4-(prop-2-

yn-1-yloxy)phenol, using an already described procedure by Roy and co-workers.372 X-ray diffraction 

studies performed on compound 143 led to the expected double tripodal pattern, with three branches 

located above the central ring and the other three below (Scheme 27b). 

 

 

 

 

 

 

  

140 141 142

143

a)

b)

Scheme 27. a) Syntesis of tetravalent dendrimer 142. Conditions: [a] 2,5-dioxopyrrolidin-1-yl-2-azidoacetate (5.5 
eq.), DIPEA (3.1 eq.), DMF, r.t., 1 h.; [b] TFA/TIS/H2O (96:2:2), r.t., 3 h, 65% overall yield. b) Structure and ORTEP 
representation of hexapropargylated cyclophosphazene 143. Hydrogen atoms were omitted for clarity. From 
Roy and co-workers (Polym. Chem., 2015).372 
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II.5.3. Synthesis of mannosylated tetra- and hexa-valent glycodendrimers 128-131 

 

 Decoration of scaffolds 120 (Scheme 23), 138 (Scheme 26), 142 and 143 (Scheme 27) was 

performed through CuAAC, using either propargylated or azido-modified mannose residues 144375 and 

145376, respectively (Scheme 28). Reaction conditions were similar to those employed for the 

construction of GalNAc-based dendrimers 122, 123, 126 and 127 (See section 4.4, Scheme 24-25). 

 All compounds were obtained in good yields (71-85%) as white foamy solids after RP-HPLC 

purification and lyophilization. Analytical RP-HPLC, mass spectrometry and 1H-NMR experiments 

confirmed product’s identity and monodispersity (Figure 53a-c). As an example, phosphazene-based 

compound 143 (P6) showed a clean 1H-NMR spectrum, where integration of triazole and mannose H-4 

protons gave a consistent ratio of six (Figure 53a). Moreover, 31P-NMR represents a useful tool to 

assess the equivalence of the three phosphorus atoms, suggesting a symmetrical functionalization of 

the core scaffold (Figure 53a).   

 

 

 

120 144

144  =

144 144

145

145 =

138 142

143

=

128 129 130

131

Scheme 28. Synthesis of tetravalent and hexavalent mannosylated structures 128-131 via 
CuAAC. Conditions: [a] Azide-containing scaffold (120/138/142) (1-5 mM), 144 (1.5 eq. per 
azide), CuSO4 (cat.), THPTA (5.0 eq. per azide), Na ascorbate (7.0 eq. per azide), DMF, PBS 
(pH 7.4, 10 mM), r.t., 2 h, yields: 85% (128), 85% (129), 71% (130); [b] 143, 145 (1.5 eq. per 
alkyne), CuSO4 (cat.), THPTA (5.0 eq. per alkyne), Na ascorbate (7.0 eq. per alkyne), DMF, PBS 
(pH 7.4, 10 mM), r.t., 2 h, 76%.   
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II.5.4. Assembly of mannosylated tetracosavalent glycodendrimers 132 and 133 by 

OL 

 

 Capitalizing on our previously introduced convergent assembly approach based on orthogonal 

OL/CuAAC ligation (See section 4.4, scheme 25), we undertook the synthesis of glycodendrimers 132 

and 133 through the condensation of aminooxy-bearing mannosylated “arms” 146 and 147 on 

aldehyde-bearing “core” scaffold 139 (Scheme 28). Conjugations were completed within 45 minutes 

reaction at 37°C, allowing to retrieve the excess of 146 and 147, to afford final structures in good yields 

(77-84%) after purification.  

 

a)

b) c)

Figure 53. a) 1H-NMR (400 MHz, D2O) spectrum of compound 131. b) 31P-NMR (162 MHz, D2O) 
spectrum of compound 131. c) HRMS (ESI+-TOF) of 131 (zoom). m/z calcd. for [M+Na]+: 2513.7903 
(monoisotopic), found: 2513.7844.   
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Along the signals corresponding to the desired products, MALDI mass spectrometry analysis 

(as example we reported the data relative to compound 132) showed the presence of several signals 

which could suggest an incomplete functionalization of the “core” structure (Figure 54a). Conversely, 

analytical RP-HPLC (not shown) and 1H-NMR (Figure 54b) showed a sharp single-peak profile and a 

consistent integration ratio between triazole, oxime and mannose anomeric protons, respectively. 

According to literature reports, 377 we interpreted these additional peaks as the result of oxime bond 

fragmentation during the MALDI-TOF analysis, as observed for compound 92 (Figure 41b).  

 

132

133

146

147

139

R

R

Scheme 29. Convergent assembly of tetracosavalent glycodendrimers 132 and 133 by 
oxime ligation. Conditions: [a] 139, 146/147 (9.0 eq.), 0.1% TFA in H2O, 37°C, 45 min., 
84% (132), 77% (133). 
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II.5.5. Assembly of mannosylated tetracosavalent glycodendrimers 134 and 135 by 

CuAAC 

 

 The convergent assembly of mannosylated glycodendrimers 134 and 135 was next performed 

using phosphazene-based propargylated “core” scaffold 143 (Scheme 27b). Thus, azido-functionalized 

glycosylated “arms” 148 and 149 were reacted under CuAAC conditions with 143 to afford the desired 

compounds in 71-72% yields, and allowing the recovery of key building blocks 148 and 149 (Scheme 

30).   

 

2052.1
2051.2

2051.3

2050.8

[M+Na]+

[M+2Na]2+

ф

ф

ф

ф

a)

b)

Figure 54. a) MALDI-TOF spectrum of 132. m/z calcd. for [M+H] +: 7599.5 (average), found: 
7598.8. Observed fragmentation peaks (ф; Δ m/z ≈ 2051.3 ) correspond to the loss of oxime-
linked “arm” 146. b) 1H-NMR (400 MHz, D2O) spectrum of compound 132. 
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 Analysis of compounds 134 and 135 by 1H-NMR spectrometry showed a consistent integration 

ratio between triazole, mannose’s anomeric and aromatic protons of 30:24:30 (Figure 55a). Moreover, 

31P-NMR experiments showed the presence of a single phosphorus-related peak, confirming the 

exhaustive functionalization of the “core” scaffold with six glycosylated “arms” (Figure 55b). As 

expected, MALDI spectra showed the occurrence of fragmentation to a lower extent (Figure 55c), 

compared to oxime-bearing glycodendrimers 92 (Figure 41b) and 132 (Figure 54a).  

143

134

135

148

149

R

R

Scheme 30. Convergent assembly of tetracosavalent glycodendrimers 134 and 135 by CuAAC. Conditions: 
[a] 143, 148/149 (9.0 eq.), THPTA (5.0 eq. per azide), Na ascorbate (7.0 eq. per azide), DMF, PBS (pH 7.4, 
100 mM), r.t., 2 h, yelds: 72% (134), 71% (135). 
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 Unlike the initially employed iterative oxime-based strategy (II.2.), the iterative CuAAC-based 

synthetic protocol employed for the construction of glycodendrimers 134 and 135 can be used both in 

a convergent and divergent manner. In addition, glycopeptide “arms” 148 and 149 are more stable 

compared to their analogues 146 and 147 (Scheme 30), because of the higher reactivity of the free 

aminooxy group compared to the azido moiety. Nevertheless, despite the iterative CuAAC-based 

[M+H]+

[M+2H]2+

a)

b)

c)

Figure 55. a) 1H-NMR (400 MHz, D2O) spectrum of compound 135. b) 31P-NMR (162 MHz, D2O) spectrum of 
compound 135. c) MALDI-TOF spectrum of 135. m/z calcd. for [M+H]+: 11667.4 (average), found: 11665.9; 
calcd. for [M+2H]2+: 5834.2 (average), found: 5828.1.  
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strategy allows for a more efficient recovery of key intermediates, the inherent higher simplicity of 

oxime reaction set-up (i.e. aminooxy- and aldehyde-bearing partners need just to be solubilized in 

aqueous mild acidic media and incubated at 37°C) make both reactions very useful for our purposes.      

 

 

 

II.5.6. Evaluation of the binding activity of glycodendrimers 128-135 on BCL2-A 

lectin via ITC 

 

 The biologic relevance of our small library of mannosylated glycodendrimers was investigated 

in the context of inhibition of lectin-mediated cell adhesion and biofilm formation. The opportunistic 

bacterium Burkholderia cenocepacia is responsible for numerous nosocomial infections affecting 

mainly cystic fibrosis and immunocompromised patients.378 Treatment of B. cenocepacia infections 

remains difficult owing to widespread multidrug resistance and its ability to form biofilms.379 New 

strategies for inhibiting the formation of P. aeruginosa biofilms have been developed recently; these 

target the binding sites of LecA and LecB lectins.380–384 LecB-like genes have been identified in several 

Gram-negative bacteria, including B. cenocepacia, which produces three related proteins: BC2L-A 

(BCAM0186), BC2L-B (BCMA0184) and BC2L-C (BCMA0185). We have focused our attention on BC2L-

A, which has been structurally characterized in detail.385–387 BC2L-A assembles as a dimer of 13.8 kDa 

monomers with a β-sheet core structure and a dependence on two Ca2+ ions for binding to 

carbohydrate targets. Whereas LecB is tetrameric and shows a high affinity for L-fucose, BC2L-A is a 

dimer and binds poorly to this ligand (Kd = 2.3 mM) but has a high affinity toward methyl α-D-

mannopyranoside (Kd = 2.7 µM). BC2L-A also binds also to L-glycero-D-mannoheptose,386 a major 

constituent of bacterial lipopolysaccharide, with a strict diastereoselectivity for (6S)-mannoheptose.388 

Only a few studies have been conducted to evaluate the affinity of multivalent structures toward BC2L-

A. For example, Lameignere et al. have tested a tri-mannoside as well as two di-mannoside analogues 

separated by either a flexible or rigid spacer. They have measured a Kd value of 220 nM for their best-

binding compound.387 More recently, Faure et al. have prepared tetravalent thiomannoside clusters, 

the most potent of which having a Kd value of 204 nM.389 Higher valency architectures were obtained 

with mannosylated GNPs and a Kd value of 19 nM was measured for a construct with an average 

valency of 46.390  

 Mannosylated glycodendrimers 128-135 (Figure 51) were used in titration microcalorimetry 

experiments to determine the stoichiometry and thermodynamic parameters of their binding to BC2L-

A in solution. Monovalent methyl α-D-mannoside was used as a reference to calculate the relative 
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potency of each multivalent compound. Titrations were performed in the direct injection mode (i.e., 

ligand in syringe and protein in cell). When aggregation was observed, it happened after the titration 

stage, therefore not affecting the quality of the results (Figure 56 and Table 4).  

 

 

 

 

 

 

 

Compound Valency Kd  [nM] n
–DH 

[kJ mol-1]
–DG 

[kJ mol-1]
–TDS 

[kJ mol-1]
rp[a] rp/n[b]

α-Me-Man 1 3570 0.90 24.1 31.1 - 7.1 1 1

128 4 481±9 0.27 81.1±0.4 36.1 45.0 7.4 1.9

130 4 449±32 0.26 99.0±2 36.3 62.8 7.9 2.0

129 6 199±3 0.16 119.0±2 38.2 80.6 17.9 3.0

131 6 368±6 0.20 130.5±2.5 36.75 93.7 9.7 1.6

132 24 256±16 0.09 335.0±1 37.7 297 13.9 0.6

133 24 195±2 0.061 335.0±2 38.4 296.5 18.3 0.8

134 24 215±6 0.10 273.5±10.5 38.3 235.5 16.6 0.7

135 24 52±3 0.077 335.0±1 41.7 293 70 2.9

Figure 56. Isothermal titration calorimetry data: thermograms (top) and corresponding integrated titration 
curves (bottom) obtained by injections of a) 128 (300 µM); b) 129 (300 µM); d) 135 (100 µM) into a solution of 
BC2L-A (100 µM). Molar ratio is defined as the number of mannosylated molecules per lectin monomer.  
 

Table 4. ITC data for glycoconjugated 128-135 binding to BC2L-A. Thermodynamic data refers to 
moles of glycoconjugates and stoichiometry is expressed as the number of molecules per lectin 
monomer. Standard deviations are indicated on experimentally derived values (at lest two 
experiments). [a] relative potency compared to the monovalent compound, [b] relative potency 
per mannose residue.  
 

a) b) c) 
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The analysis of the thermodynamic contributions showed that for all the compounds the 

binding is driven by enthalpy but is counterbalanced by a strong entropy barrier resulting from the loss 

of flexibility induced upon lectin binding. Interestingly, tetravalent compounds 128 and 130 that are 

built on different scaffolds exhibited a significant difference in binding entropy contribution (16.2 kJ 

mol-1) in favor of the cyclopeptide-based cluster. This difference is also noticeable between hexavalent 

compounds 129 and 131 (12.9 kJ mol-1), also in favor of the cyclopeptide-based cluster. The well-known 

rigidity of cyclopeptide scaffolds seems to provide a more favorable geometry for the binding with 

BC2L-A. Of these four glycoclusters, compound 129 has the highest affinity (Kd = 199 nM), albeit with 

a modest relative potency factor (rp = 17.9). These data suggest that the interaction is due to an 

aggregative effect, implying one binding site per lectin rather than a real chelate complex in which 

both binding sites are occupied by the same glycocluster molecule. More interestingly, thermodynamic 

data obtained with the tetracosavalent glycodendrimers 132-135 revealed that compound 134 (PR24) 

has a significantly less favorable binding enthalpy (–DH = –273.5 kJ mol-1) than the three other 

compounds (–DH = –335 kJ mol-1 for each). This observation suggests that despite a lower entropy 

barrier (–TDS = 235.5 kJ mol-1 versus ≈295 kJ mol-1) the sugar presentation does not favor binding with 

BC2L-A, as confirmed by its dissociation constant (Kd = 215 nM). In comparing the Kd values of 

dendrimers constructed around the same core structure but with different peripheral scaffolds (132 

versus 133 and 134 versus 135), we observed that the sugar presentation through the lysine-based 

dendron leads to stronger binding in each series. This effect can be explained by the flexibility of the 

dendron, which might facilitate the positioning of the sugars in the lectin binding site. Among the 

glycodendrimers, the highest affinity ligand is compound 135 (Kd = 51 nm), which contains a 

hexachlorocyclotriphosphazatriene “core” functionalized with six lysine-based dendrons. The binding 

of this molecule is between three and five times stronger than the others, each sugar being almost 

three times more potent than monovalent methyl α-D-mannoside.  

The stoichiometry data for tetravalent compounds 128 and 130 indicated that all of the four 

mannose residues can bind to a monomer of lectin. The same accessibility is observed with hexavalent 

clusters 129 and 131 in which each lectin monomer binds one of the mannose residue, that is, one 

cluster binds five or six lectins. In the case of the tetracosavalent dendrimers, the stoichiometry was 

different between compounds 132 and 134, which can bind approximately 10 lectin monomers, and 

compounds 133 and 135, which interact with approximately 15 lectin monomers. This indicates a 

higher accessibility for mannose residues presented on dendrimer-like “arms”, than for the RAFT-

presented ones.  
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In order to rationalize this analysis, models of compounds 134 and 135 were built using Sybyl 

molecular graphics editor (Certara, Munich, Germany). Starting from the crystal structure of the N3P3-

based scaffold,372 the linkers were built and terminal mannose residues added either onto a model of 

branched peptide or onto the structure of a cyclic peptide taken from an NMR model.355 The models 

were constructed in order to alleviate any steric contact and to orientate all torsional angles in 

reasonable conformations, but no energy calculations were performed (Figure 57). The differences in 

global size is not significant, with compound 134 extending to approximately 65 Å, whereas compound 

135 spans at a maximum distance of 80 Å. Nevertheless, variations occur at the local level, with 

mannose residues being clearly closer to each other in model 134 than in model 135. Fitting of 

mannose-bound BC2L-A to the accessible mannose residues in model 135 allowed for positioning of 

eleven BC2L-A dimers with no significant steric clashes, illustrating that this compound represent a 

valuable model for displaying glycans in a multivalent and accessible manner. This work have been 

published as full paper in ChemPlusChem (Wiley).391 

 



122 
 

 

 

a) b)

c)

Figure 57. Possible conformations of a) 134 and b) 135 represented as sticks with mannose 
residues colored in blue. c) Same conformation of 135 with eleven BCL2-A dimers positioned on 
accessible mannose residues by superposition with mannose in binding sites. Compound 135 and 
Ca2+ ions are represented as spheres and lectins are represented as ribbons. Hydrogen atoms 
have been omitted for clarity in all panels.    
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 In conclusion, cyclodecapeptide- and tetradecapeptide-based as well as cyclotriphosphazene- 

and lysine-based glycoclusters were prepared, affording a new series of tetra- and hexavalent 

mannosylated ligands. Both hexavalent scaffolds were then combined with tetravalent dendrons to 

afford a set of four tetracosavalent glycodendrimers. These eight compounds, displaying various 

flexibilities and architectures were then tested for their binding affinity with BC2L-A lectin using 

isothermal titration microcalorimetry. We first demonstrated that both hexa- and tetravalent 

architectures allowed a good presentation of the sugar residues to the binding site of the lectin, 

forming complexes in which all mannosides are involved in the binding, albeit with modest 

enhancements of affinity compared to the monovalent interaction. Within this set of glycoclusters, 

cyclopeptide-based hexavalent compound 129 exhibited the best binding properties (Kd =199 nM) 

where each sugar residue is three times more potent than the monovalent methyl α-D-mannoside. 

The evaluation of the tetracosavalent glycodendrimers showed that the core architecture does not 

have a significant effect on the binding affinity. On the contrary, the scaffold used to present the sugars 

at the periphery seems to have a significant influence. The binding is stronger if mannose residues are 

exposed through the more flexible lysine-based dendron. The combination of this architecture with 

the cyclotriphosphazene core afforded compound 135 with the lowest binding constant in this study 

(Kd =51 nM), which also represents the highest affinity known to date for a fully synthetic multivalent 

glycodendrimer binding to BC2L-A (compared to Kd = 204 nM).389 Analysis of thermodynamic 

contributions to the binding tend to show that the affinity arises from an aggregative binding mode 

rather than a chelate complex, which typically leads to stronger affinities. This is not surprising 

considering that BC2L-A is a dimer in which the two sugar-binding pockets are located on opposite 

sides of the protein, therefore preventing the ligand to reach both sites at the same time. Nevertheless, 

high affinities can be achieved if the sugar residues are presented with enough flexibility to 

accommodate several protein monomers, as it is the case for compound 135. This compound 

represents an excellent candidate for structural optimization to achieve higher affinity and to expect 

anti-adhesive properties against B. cenocepacia. It may be also interesting to evaluate the same 

scaffolds for the presentation of carbohydrate antigens. 
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Chapter III. 

 

 

Synthesis of multivalent hetero-

glycodendrimers 
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III.1. Introduction 

 

 In the former chapter we designed and explored synthetic strategies to reach precise 

multivalent homo-glycodendrimers with interesting biological activities. In general terms, by 

increasing ligand valency on multivalent constructs, enhanced binding avidities towards protein 

receptors are observed.110 Following this concept, many efforts have been made in chemical design for 

the generation of a large panel of multivalent glycosylated architectures. These constructions have 

been proven to be inhibitors for pathogen-related processes involving interactions between proteins 

(e.g. bacterial lectins and toxins, DC-SIGN, etc.) and glycans.351 In those cases, the rationale behind the 

design of such multivalent inhibitors can be guided by the knowledge of discrete carbohydrate-binding 

domains (CRDs), by means of crystal structures of isolated proteins, together with molecular modelling 

and NMR methodologies.392–394  

 For our purposes, as discussed in section I.2.3., the reaching of densely glycosylated 

multivalent structures is devoted to two main aspects: (i) to promote BCR clustering and signalling, 

and facilitate receptor-mediated internalization of antigens,395 and (ii) to enhance the carbohydrate 

epitope ratio over the entire construct, in order to promote a specific TACA-directed humoral immune 

response.208 In this scenario immunization trials would provide more reliable answers regarding the 

validity of our fully synthetic anticancer vaccine prototypes.   

 In a first part of my PhD work we focussed our attention towards synthetic methodologies 

which could be translated for the synthesis of a new generation of anticancer vaccines with increased 

density of tumor-associated carbohydrate epitopes. A second, important point that we wanted to 

investigate was the generation of a broader immune response by introducing a dual TACA presentation 

(i.e. Tn and TF antigens), following the evidence that TACA-expression patterns are heterogeneous 

among cancer types, individuals and evolve during the course of the disease.88,89  

 In this chapter we report the synthesis of hetero-glycodendrimers, grafted with Tn- and TF-

antigen analogues [i.e. (OX)Tn and (TRZ)TF, see I.4.], which can be further functionalized with 

appropriate CD4+ and CD8+ epitopes, as key B-cell antigens carriers for the construction of a generation 

of fully synthetic hetero-multivalent anticancer vaccine prototypes. 
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III.2. Dual (OX)Tn-(TRZ)TF-based multivalent glycodendrimers assembly 

based on divergent OL/CuAAC strategy 

 

 The large majority of vaccines target only one carbohydrate antigen expressed on tumors, 

which is likely to lead to the incomplete destruction of cancer cells by neglecting a compelling 

population of transformed cells. Therefore, the stimulation of a multifaceted response which takes 

account of the inherent tumor heterogeneity appeared to us an essential point to be considered. 

Following this idea, the first semi-synthetic vaccine candidates combining multiple TACAs have been 

pioneered by Danishefsky and co-workers (32-34, figure 18).125,166–168 Promising preclinical results were 

obtained with semi-synthetic vaccine construct 34, which proved able to elicit, in mice models, high 

titers of IgG and IgM against each of all the five displayed antigens (i.e. Tn, TF, STn, GM2, globo-H). This 

vaccine candidate is currently under phase I clinical trial against ovarian cancer. 

 While this approach opens promising perspectives in cancer immunotherapy and was used 

only in semi-synthetic approaches, no fully synthetic vaccine prototype displaying different 

associations of TACAs has been described to date, presumably due to synthetic difficulties to achieve 

well-defined molecules. We thus directed our efforts towards the synthesis of heterogeneously 

glycosylated constructs displaying multiple copies of Tn- and TF-antigens, with a free-amino 

functionality constituting the anchorage point for the conjugation of CD4+ and CD8+ epitopes (Figure 

58). 

 

 

 

 

 

  

Figure 58. General structure of heterovalent glycodendrimer as TACA 
carrier for fully synthetic anticancer vaccines. 
 



127 
 

III.3. General strategy 

 

 Recently, a few reports highlighted the interest of heterogeneously glycosylated multivalent 

structures as attractive tools to deepen the understanding in molecular recognition phenomena 

between carbohydrates and proteins.396–400 Indeed, homogeneously glycosylated structures 

(glycodendrimers, glycoclusters, glyco-nanoparticles, etc.) barely reflect the heterogeneity of 

glycocalyx, limiting their utility towards the design of novel glycomimetics and the deciphering of more 

complex recognition processes, relying on cooperative effects.401,402 Nevertheless, despite few 

synthetic procedures have been described,403–409 the assembly of such heterogeneous structures 

remains challenging. Our group has previously described the synthesis of tetravalent hetero-

glycoclusters (hGCs) based on clickable RAFT scaffolds decorated with two different carbohydrate 

residues, either in 2:2 or 3:1 relative proportions, which were obtained in a stepwise protocol 

combining OL and CuAAC.410 Subsequently we have demonstrated the orthogonality of both thiol-ene 

and thiol-chloroacetyl couplings (TEC and TCC, respectively) for the synthesis of hexavalent hGCs 

displaying two different sugars, in a 4:2 relative proportion and in two possible orientations on the 

scaffold.411 More recently, we have reported an unprecedented multi-click approach involving four 

different conjugation methods: OL, TEC, CuAAC and TCC.412 By using a proper reaction order, this 

approach gave access to tetravalent hGCs displaying four different sugar units, through a sequential 

one-pot assembly, in excellent yields and with a single purification step. Finally, we recently explored 

the assembly of octavalent, two-faced, hGCs decorated with different combination of three 

monosaccharide units, involving TEC, CuAAC and diethyl squarate coupling (DSC).413  

The synthesis of Tn-TF-based hetero-glycodendrimers (hGDs) with enhanced valencies 

represents a more complicated objective. Owing to the solid methodologies developed in our research 

group, and in the framework of my PhD project, we envisioned to build hGDs with carbohydrate 

epitopes in a separate (150) and shuffled (151) fashion (Figure 59), by using orthogonal OL and CuAAC 

chemoselective “click” reactions. 
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Figure 59. Divergent synthetic strategy for assembling Tn-TF-based hetero-glycodendrimers 150 and 151 through 
dual OL/CuAAC approach. 
 

 We thus designed a divergent strategy that requires the synthesis of functionalized building 

blocks: (i) two cyclopeptide “cores” containing two aminooxy groups and two serine residues (152) in 

the upper domain of the scaffold, or four aldehyde groups (89); (ii) three additional cyclopeptide 

“arms” bearing one aminooxy group on the lower domain and four serine residues on the upper 

domain (64), one aldehyde and four azido groups (153), or one aminooxy, two serine residues and two 

azido groups (154); (iii) aminooxy-Tn (90) and propargyl-TF (155) modified TACAs (Figure 59). 

 

 

 

III.4. Synthesis of modified propargyl-TF antigen 155 

 

 The propargylated TF antigen 155 was synthesized as shown in scheme 31, starting from the 

already described intermediate 112 (Scheme 21).370 Compound 112 was selectively protected on 

positions 4 and 6 to give the glycosyl acceptor 156 in 90% yield. Trimethylsilyl 

trifluoromethanesulfonate-promoted glycosylation with trichloroacetimidate 157414 yielded 

90

64

89

90

150 151

152

153 154

155 155
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disaccharide 158, which was fully deprotected by treatment with aqueous acetic acid, followed by 

Zemplén deacetylation to afford desired propargyl-TF 155 (Scheme 31). 

 

 

 

 

 

 

III.5. Synthesis of cyclopeptide “cores” and “arms” building blocks 

 

 The synthesis of hGDs 150 and 151 is based on a divergent modular approach in which a central 

RAFT scaffold (“core”) has first to be functionalized with four “arms”, and the obtained multivalent 

scaffold successively decorated with TACAs. The first step of our multi-step synthetic route involved 

the solid phase peptide synthesis of sequence 159 (Scheme 32) on the Fmoc-Gly-SASRIN™ resin, in 

which we introduced the dipeptide building block 95 (Scheme 14) to reduce the number of steps in 

solution. After cleavage from the resin support under mild acidic conditions and cyclization in diluted 

DMF/CH2Cl2, compound 160 was obtained with an overall yield of 54%. Compound 160 underwent 

palladium-catalyzed deprotection of Alloc groups. The two resulting free amino groups in the upper 

domain were reacted with Boc-aminooxyacetic acid N-hydroxysuccinimide ester346 to afford fully 

protected intermediate 161. The “core” scaffold was obtained after treatment of 161 with TFA in the 

presence of a mixture of TIS, water and hydroxylamine as scavengers (Scheme 32, figure 60). Key 

Intermediate 152 shows: (i) two aminooxy groups, prone to react under OL conditions; (ii) two serine 

residues as masked α-oxo aldehyde residues, and (iii) a free amino group on lysine’s side chain, on the 

lower domain. 

 

112 156

157

158 155

Scheme 31. Synthesis of propargylated TF antigen 155. Conditions: [a] PhC(OMe)2 (1.5 eq.), CSA (0.1 eq.), 
CH3CN, r.t., 48 h, 90%; [b] 157 (1.5 eq.), TMSOTf (0.2 eq.), CH2Cl2, -15°C, 30 min., 60%; [c] 70% AcOH/H2O, 60°C, 
4 h, 85%; [d] MeONa/MeOH (pH 10), r.t., 2 h, 95%.  
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  Synthesis of “right arm” 153 (Scheme 32) was performed starting from sequence 162, where 

four copies of 6-azido-N-Fmoc-norleucine building block 117 (Scheme 22) have been included. 

Cleavage from the solid support, and subsequent cyclization gave compound 163 with a 48% overall 

yield. Removal of acid-labile protecting groups of compound 163 in strong acidic conditions afforded 

intermediate 164, presenting four azido functionalities on the upper domain and a serine residue in 

159

160 161

152

b)

a)

Scheme 32. Synthesis of cyclopeptide “core” scaffold 152. Conditions: [a] 1% TFA, CH2Cl2; [b] PyBOP (1.2 eq.), 
DIPEA (2.0 eq.), DMF/CH2Cl2 (1:1), 0.5 mM, r.t., 30 min., 54% overall yield; [c] Pd(PPh3)4 (cat.), PhSiH3 (25 eq.), 
DMF/CH2Cl2 (1:1), r.t., 30 min., then MeOH; [d] Boc-aminooxyacetic acid N-hydroxysuccinimide ester (2.4 eq.), 
DIPEA (3.0 eq.), DMF, r.t., 20 min., 67% over two steps; [e] TFA/TIS/NH2OH/H2O (94:2:2:2), r.t., 3 h, 93%.    

 

Figure 60. a) Analytical RP-HPLC profile (λ=214 nm, 0-30% solv.B in 15’) of 152. b) ESI+-MS 
of 152 (zoom). m/z calcd. for [M+H]+: 1341.5 (average), found: 1341.4; calcd. for [M+2H]2+: 
671.3, found: 671.0.   

tR = 4.00 min. 

[M+H]+ 

[M+2H]2+ 
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the lower domain. This last residue was treated with a large excess of sodium periodate to give α-oxo 

aldehyde-containing intermediate 153 in 71% yield (Scheme 32, figure 61).  

 

 

  

 

 

 

 

  

 Synthesis of cyclopeptide scaffold 154 started with resin-bound peptide sequence 165 

(Scheme 34), where a lysine residue protected with 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl 

(Dde) group was integrated, along with serine- and azido-containing amino acid building blocks. 

Cleavage from the support and cyclization under our standard conditions gave cyclopeptide 166, 

exposing the Dde-protected lysine’s side chain in the lower domain of the RAFT, with a 55% overall 

yield. Deprotection of Dde by means of a 2% solution of hydrazine monohydrate in DMF afforded 

compound 167. The resulting free amino group was further functionalized with Boc-aminooxyacetic 

acid N-hydroxysuccinimide ester.346 After precipitation in ice-cold Et2O, the crude reaction was treated 

162

163 164 153

b)a)

Scheme 33. Synthesis of cyclopeptide “right arm” scaffold 153. Conditions: [a] 1% TFA, 
CH2Cl2; [b] PyBOP (1.2 eq.), DIPEA (2 eq.), DMF/CH2Cl2 (1:1), 0.5 mM, r.t., 30 min., 48% 
overall yield; [c] TFA/TIS/H2O (96:2:2), r.t., 3 h, 96%; [d] NaIO4 (10 eq.), H2O, r.t., 40 min., 
71%. 
 

Figure 61. a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 15’) of 153. b)  HRMS (ESI+-TOF) 
of 153 (zoom). m/z calcd. for [M+H]+: 1180.6200 (monoisotopic), found: 1180.6211. 

tR = 6.78 min. 
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with a strong acidic deprotection cocktail to simultaneously cleave Boc and tert-butyl groups, affording 

the desired functionalized scaffold 154 (Scheme 34, figure 62).      

 

 

 

 

 

 

 

 

 

III.6. Assembly of multivalent scaffolds 171 and 172 bearing azide and 

aldehyde residues 

 

 With all properly functionalized cyclopeptide building blocks in hand, the next step of our 

divergent synthetic route involved the grafting of peripheral RAFT “arms” onto cyclopeptide “cores”.    

165

166

167

154

b)a)

Scheme 34. Synthesis of cyclopeptide “arm” scaffold 154. Conditions: [a] 1% TFA, CH2Cl2; [b] PyBOP (1.2 
eq.), DIPEA (2 eq.), DMF/CH2Cl2 (1:1), 0.5 mM, r.t., 30 min., 55% overall yield; [c] 2% N2H4/DMF, r.t., 20 
min., 94%; [d] Boc-aminooxyacetic acid N-hydroxysuccinimide ester (1.2 eq.), DIPEA (1.5 eq.), DMF, r.t., 
20 min; [e] TFA/TIS/NH2OH/H2O (94:2:2:2), r.t., 3 h, 86% over two steps.   
 

Figure 62. a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 15’) of 154. b)  HRMS (ESI+-TOF) 
of 154 (zoom). m/z calcd. for [M+H]+: 1319.7296 (monoisotopic), found: 1319.7302; calcd. for 
[M+Na]+: 1341.7116, found: 1341.7123. 

tR = 3.52 min. 
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This allowed us reaching two dendrimer-like structures displaying eight azido groups and eight 

aldehyde groups, displayed in a separated or shuffled fashion.  

 Conjugation between “core” scaffold 152 (Scheme 32) and “right arm” 153 (Scheme 33) was 

carried out via oxime ligation, in a H2O/CH3CN (1:1) mixture containing 0.1% of TFA (Scheme 35).  Bis-

functionalized compound 168 was obtained in good yields (75%) and purity, after RP-HPLC purification. 

Oxidative cleavage of serine residues on 168 by treatment with sodium periodate afforded two α-oxo 

aldehyde groups on intermediate 169, prone to react with “left arm” 64 through OL to give compound 

170 in good yields (60% over two steps). Finally, compound 171 was obtained upon treatment of 170 

with a large excess of sodium periodate and subsequent direct purification by RP-HPLC (Scheme 35, 

figure 63). The resulting multivalent scaffold 171, featuring eight α-oxo aldehyde and eight azido 

functionalities displayed in separates “arms”, was thus ready for the final conjugation step, with 

saccharide epitopes 90 (Scheme 19) and 155 (Scheme 31), through OL and CuAAC, respectively (vide 

infra).     

 

 

 

 

 

152

153

168 169

64

170 171

Scheme 35. Synthesis of multivalent scaffold 171. Conditions: [a] 152, 153 (3.0 eq.), 0.1% TFA in 
H20/CH3CN (1:1), 37°C, 30 min., 75%; [b] NaIO4 (20 eq.), H2O, r.t., 40 min., 75%. [c] 64 (3.0 eq.) 0.1% TFA 
in H20/CH3CN (1:1), 37°C, 30 min., 85%; [d] NaIO4 (80 eq.), H20/CH3CN (1:1), r.t., 40 min., 78%.      
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 For the synthesis of “shuffled” hetero-glycodendrimer 151, we envisioned a divergent 

synthetic protocol based on “core” scaffold 89 displaying four aldehyde groups (Figure 59). This central 

unit was reacted with six equivalents of aminooxy-containing “cyclopeptide arm” 154 (Scheme 34) 

under classic OL conditions, to give intermediate 172 (Scheme 36). Subsequent oxidative cleavage of 

serine residues afforded the desired compound 173 in good yields (64% over two steps).   

 

 

 

 

 

 

 

 

 

[M+3H]3+

[M+4H]4+

[M+5H]5+

89

154

172

173

Figure 62. ESI+-MS of 171. m/z calcd. for [M+3H]3+: 2067.1 (monoisotopic), found: 2067.5; calcd. for 
[M+4H]4+: 1550.3, found: 1551.0; calcd. for [M+5H]5+: 1240.6, found: 1240.8.   
 

 

Scheme 36. Synthesis of multivalent scaffold 173. Conditions: [a] 89, 154 (6.0 eq.), 0.1% TFA 
in H20, 37°C, 30 min., 87%; [b] NaIO4 (80 eq.), H20/CH3CN (1:1), r.t., 40 min., 73%.  
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III.7. Synthesis of multivalent hetero-glycoclusters 150-151 by sequential 

one-pot OL-CuAAC protocol 

 

 The final conjugation step to achieve target molecules 150 and 151 (Figure 59) was performed 

by reacting scaffolds 171 and 173 (Scheme 35 and 36, respectively), both equipped with eight aldehyde 

and eight azido functionalities, with aminooxy Tn 90 (Scheme 19) and propargyl-TF 155 (Scheme 31). 

In order to perform only one purification step and reduce the loss of material, we carried out the 

reaction by means of a sequential one-pot protocol, where the established reaction order involved 

first OL, and then CuAAC. Due to the sensitivity of the α-oxo aldehyde groups over the other 

functionalities, we decided to perform oxime ligation first.412  

 As described in scheme 37, reaction conditions involved 1.5 equivalents of aminooxy-

saccharide per aldehyde, in a water/acetonitrile mixture containing 0.1 % of TFA. After 30 minutes 

incubation at 37°C, UPLC-MS analysis showed complete conversion in the expected octa-Tn 

intermediate (Figure 64a). A previously degassed phosphate buffer solution (pH 7.4, 100 mM), 

containing CuSO4, THPTA, sodium ascorbate and propargyl-TF 155 were then added to the crude 

mixture (Scheme 37). After 1.5 hours at room temperature, UPLC-MS showed complete conversion 

(Figure 64b). 

 

 

 

171

173

150

151

90

155

Scheme 37. Synthesis of hetero-glycodendrimers 150 and 151. Conditions: [a] 171 or 173, 90 (12 eq.), 0.1% 
TFA in H20, 37°C, 30 min.; [b] CuSO4 (1.5 eq.), Na ascorbate (15 eq.), THPTA (8 eq.), PBS (pH 7.4, 100 mM), r.t., 
90 min., 55% overall for 150, 60% overall for 151.  
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 Despite the structural complexity of these compounds, in addition to classic mass 

spectrometry and analytical HPLC, we have confirmed the correct functionalization of hetero-

glycodendrimers 150 and 151 by 1H-NMR (Figure 65a and 65b, respectively). Characteristic signals for 

anomeric protons of Tn (≈5.6 ppm) and TF (≈5.0 ppm), oxime protons (≈7.8 ppm) and 1,4-triazole (≈8.0 

ppm) have been detected and integrated showing the expected ratio.415 

 

 

 

Na ascorbate
THPTA

a)

b)

a)

b)

Figure 64. Follow-up of sequential one-pot reaction on substrate 171 by UPLC (λ=214 nm, 5-60% solv.D 
in 3’). a) Profile of oxime ligation. b) Profile of copper(I)-catalyzed alkyne-azide cycloaddition. 
 

Figure 65. 1H-NMR (D2O, 400 MHz) zoom of a) compound 150, and b) compound 151. 
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 In conclusion, by using a divergent modular approach, based on oxime ligation (OL) and 

copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC), we successfully obtained two unprecedented 

multivalent hetero-glycodendrimers displaying both Tn and TF saccharide antigens (Figure 59). These 

two constructs represent key components, which can be further functionalized to graft CD4+ and CD8+ 

peptide epitopes, to obtain the complete vaccine prototype structure. Indeed, as seen for other 

vaccine prototypes developed by our research group,219,273–275,290 the free amino residue on the lower 

domain of the “core” scaffold represent an ideal anchorage point for grafting the   immunostimulant 

peptide moiety, in a spatially-separated fashion compared to the carbohydrate moiety (Figure 58). 

 Before performing the final conjugation steps towards the complete synthetic vaccine 

structure and perform immunological assays in mice, we decided to first evaluate the ability of our 

multivalent glycosylated scaffolds to interact with anti-Tn and anti-TF monoclonal antibodies, kindly 

provided by our collaborators. This represents an essential step to assess (i) if our B-cell epitope display 

modality is compatible for an effective interaction with antibodies, and (ii) if the presence of a second 

antigen (e.g. TF) could interfere with the specific recognition between the first antigen (i.e. Tn) with 

his specific mAb. This work have been published as full paper in Chemistry, A European Journal.415 
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Chapter IV. 

 

 

 

Interaction assays with monoclonal 

antibodies and synthesis of complete 

vaccine prototype structures 
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IV.1. Direct interaction assays of hetero-glycodendrimers with anti-Tn and 

anti-TF mAbs by ELISA 

 

 The synthesis of hetero-glycodendrimers reported in the former chapter allowed us to achieve 

two multivalent architectures which display both Tn and TF antigens in two different modalities, that 

we called “separated” and “shuffled” (150 and 151, respectively. Figure 59). According to our fully 

synthetic approach in anticancer vaccine design, these constructs represent two modules dedicated to 

the presentation of B-cell carbohydrate antigens to the immune system. Compounds 150 and 151 are 

equipped with a free amino group, and are therefore suitable for being further functionalized in order 

to achieve the envisaged complete vaccine prototype structures, featuring: (i) a multivalent, 

heterogeneous TACA display (i.e. Tn and TF), (ii) a CD4+ TH-cell epitope (i.e. OVA323-339),416 and (iii) a 

CD8+ CTL epitope (i.e. OVA257-264).417  

 Before undertaking product-consuming syntheses and assays in mice, which are subjected to 

strict ethical rules, using vaccine prototypes with poor efficacy, we decided to first evaluate the viability 

of our multivalent hetero-glycodendrimers through ELISA assays. These experiments have been 

performed between compounds 150 and 151, along with positive and negative controls, and anti-Tn 

or anti-TF monoclonal antibodies which proved able to interact with human cancer cell lines (Figure 

65). These trials would provide clearer insights regarding the capacity of our synthetic multivalent 

constructs to mimic the native display of TACAs upon the tumor surface, and to interact with specific 

mAbs against a given TACA in the presence of a second saccharide epitope, without generating 

detrimental interference phenomena. 

 

 

 

IV.1.1. ELISA direct interaction assays with anti-Tn mAb 9A7 

 

 In order to test our compounds, we have selected the monoclonal antibody 9A7 which has 

been shown to have good to excellent ability to recognize Tn-positive human cancer cells such as MCF-

7, LS174T and Jurkat.418 To perform ELISA binding studies with hetero-glycodendrimers 150 and 151, 

we prepared a set of positive and negative controls, including: homo-glycodendrimer 111 (Figure 42), 

featuring sixteen copies of Tn antigen (positive control), the tetravalent homoclusters 174 and 175, 

decorated with N-acetyl glucosamine (negative controls), and tetravalent heterocluster 176, displaying 

two copies of Tn and two copies of TF antigens, as inferior homologue of compounds 150 and 151 

(Figure 66). 
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Figure 66. Set of compounds tested in direct interaction ELISA assay with anti-Tn mAb 9A7. 

 

 Each molecule has been coated at decreasing concentrations, starting from 100 µM, into 

microtiter wells and compound’s ability to recognize mAb 9A7 was studied. The extent of antibody 

binding towards each compound was reported as absorbance values at 490 nm, therefore this method 

allowed a qualitative, but not quantitative affinity measurement (Figure 67). 

 Although the best interaction was observed for compound 111, hetero-glycodendrimers 150 

and 151 were both recognized by the anti-Tn mAb. Keeping in mind that 111 displays a 2-fold increased 

Tn ratio compared to 150-151 (i.e. 16 vs 8), compound 150 resulted less efficient than 111. More 

interestingly, 9A7 mAb showed a certain degree of sensitivity regarding the epitope display of 150 and 

151. Indeed, compound 151, equipped with the same epitope density than 150, resulted less efficient 

for the interaction with 9A7. These results suggested that TF epitope did not influenced the Tn-antigen 

recognition by 9A7 only in compound 150. These results could also be alternatively interpreted as a 

consequence of the differences in the spatial distribution and interspace distances between Tn-antigen 

residues in compounds 150 and 151. Although, tetravalent hetero-glycocluster 176 failed to show a 

significant interaction with 9A7, suggesting that only two copies of Tn are not sufficient for an efficient 

recognition. As expected, tetravalent homoclusters 174-175, used as negative controls, did not 

150 151

174 175

176
111
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exhibited any signal, thus confirming the absence of unspecific interactions between 9A7 and similar 

carbohydrate residues, and/or the peptide scaffold itself. 

 

 

 

    

 In summary, this direct interaction assay showed that either the presence of the second TF 

epitope or the epitope distribution itself interfere with the recognition of Tn in compound 151, while 

no significant decrease of binding has been observed for compound 150. It should also be mentioned 

that our “unnatural” presentation of the saccharide moiety of Tn antigen, relying on α-N-acetyl 

galactosamine residues linked to the multivalent scaffold through oxime linkages [i.e. (OX)Tn], 

represented a valid model to build synthetic vaccine prototypes, since compound 111 showed 

detectable interaction even at concentrations near to 10 nM (Figure 67).    

 

 

 

IV.1.2. ELISA direct interaction assay with anti-TF mAb JAA-F11 

 

 In order to validate constructs 150 and 151 as valid models for the heterogenic display of Tn 

and TF epitopes, we pursued our interaction studies by using the anti-TF mAb JAA-F11.419,420 For this 

purpose, along with compounds 150 and 151, a set of positive and negative controls were tested 

(Figure 68).  

Figure 67. Interaction curves of the anti-Tn monoclonal antibody 9A7 with 
glycoconjugates 111 (), 150 (), 151 (), 176 (), 174 () and 175 ().   
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Figure 68. Set of compounds tested in direct interaction ELISA assay with anti-TF mAb JAA-F11. 

 

 According to the set of molecules employed in the former experiment, we included, along with 

our hetero-glycodendrimers 150 and 151, GlcNAc-containing negative controls 174-175, tetravalent 

hetero-glycocluster 176, and hexadecavalent TF-based homo-glycodendrimer 177 (Figure 68). This last 

was synthesised by reacting hexadecavalent azido-bearing scaffold 125 (Scheme 25) with 

propargylated TF 155 (Scheme 31) through our established CuAAC procedure (VI.3.6.).  

 ELISA direct interaction assays with mAb JAA-F11 were carried out in the same conditions 

reported for those involving anti-Tn mAb 9A7: we coated our compounds into microtiter wells by 

performing cascade dilutions, at a starting concentration of 100 µM. Unfortunately, no interaction 

curves have been obtained, since neither negative controls (i.e. 174-175), nor TF-functionalized 

compounds (i.e. 150, 151, 176 and 177) showed detectable binding.  

 The only compound that showed a consistent binding with JAA-F11 was the commercial TF-

based polymer (178, figure 69a, Lectinity, Cat. #0048-PA) employed for the antibody calibration. This 

poly[N-(2-hydroxyethyl)acrylamide]-based polymer, of approximately 30 kDa has a 20% carbohydrate 

content, and displays the TF moiety through flexible chains, irradiating from its backbone structure.  

In addition, Roy and co-workers reported the synthesis and binding evaluation of TF-containing 

di- and tetra-valent glycodendrimers containing long “arm” spacers. Among the small family of TF-

150 151

174 175

176

177
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based glycodendrimers synthesized, tetravalent compound 179 (Figure 69b) showed the strongest 

binding activity towards mAb JAA-F11 (IC50 = 19 nM).419   

 

 

 

 

We hypothesized that the unsuccessful binding of our TF-functionalized compounds to JAA-

F11 mAb could arise from the need of longer arm spacers for a correct disaccharide presentation. This 

could reduce steric hindrance phenomena between disaccharide units, enabling a higher degree of 

liberty for TF epitopes. 

Therefore, we designed a synthetic pathway to reach a TF-based glycocluster equipped with 

longer spacers between the cyclopeptide “core” and the disaccharide moiety. 

 

 

 

IV.1.3. Synthesis of a TF-based glycocluster 186 containing a PEG linker and 

evaluation with anti-TF mAb JAA-F11 

 

 In order to investigate the possibility of obtaining an efficient binding between our TF-based 

modules and anti-TF mAb JAA-F11, we undertook the synthesis of a tetravalent glycocluster displaying 

the TF-antigen where the carbohydrate residues are linked to the cyclopeptide “core” through a PEG 

(polyethylene glycol) spacer. To this purpose, we first needed to synthesize a properly functionalized 

RAFT scaffold. 

 Resin-bound sequence 180 was thus cleaved under mild acidic conditions, followed by 

cyclization in solution, to afford orthogonally protected cyclopeptide scaffold 181 in 59% overall yield 

(Scheme 38). Palladium-catalyzed cleavage of the four Alloc protecting groups afforded partially 

deprotected scaffold 182, displaying four amino residues on the upper domain, in excellent purity after 

RP-HPLC purification and lyophilization (Scheme 38, figure 70). The moderate yield of this last reaction 

178

179

a) b)

Figure 69. a) Commercially available TF-functinalized polymer used for the calibration of JAA-F11 mAb. b) TF-base 
tetravalent dendrimer by Roy and co-workers.   
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was caused by the large amount of phenylsilane in the reaction media. The routine protocol for the 

cleavage of Alloc groups involves the utilization of 25 equivalents of PhSiH3 per Alloc group as 

scavenger; the large amount employed for this tetra-deprotection (100 eq.) has made necessary a pre-

treatment of the crude reaction mixture before RP-HPLC purification, involving repeated extractions 

in water. We think that this caused a substantial loss of product, thus lowering the final yield.       

 

 

 

 

 

 

  

 With scaffold 182 in hand, we proceeded by the appropriate functionalization of the PEG 

spacer (Scheme 39a). Commercially available 2,2-dimethyl-4-oxo-3,8,11-trioxa-5-azatridecan-13-oic 

acid 183, was first treated with 50% TFA in CH2Cl2 to remove the Boc protecting group, then solvent 

mixture was precipitated in Et2O and the resulting solid crude was used for the next reaction without 

any further purification. The resulting free amino group was reacted with a slight excess of the 

activated ester of 2-azidoacetic acid (2,5-dioxopyrrolidin-1-yl 2-azidoacetate) in the presence of DIPEA 

as base, in a CH3CN/DMF (1:1) mixture. Compound 184, featuring a terminal azido- and carboxylic-

180

181 182

b)a)

Scheme 38. Synthesis of cyclopeptide scaffold 182. Conditions: [a] 1% TFA, CH2Cl2; 
[b] PyBOP (1.2 eq.), DIPEA (2.0 eq.), DMF/CH2Cl2 (1:1), 0.5 mM, r.t., 30 min., 58% 
overall yield; [c] Pd(PPh3)4 (cat.), PhSiH3 (100 eq.), CH2Cl2, r.t., 30 min., then MeOH, 
42% yield.  
 

Figure 70. a) Analytical RP-HPLC profile (λ=214 nm, 0-30% solv.B in 15’) of 182. b)  HRMS (ESI+-TOF) of 182 
(zoom). m/z calcd. for [M+H]+: 1120.7206 (monoisotopic), found: 1120.7244. 
  

tR = 9.44 min. 
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groups separated by a di-PEG linker, was obtained in 78% yield over two steps after RP-HPLC 

purification.   

 

 

 

 

 The final steps for obtaining our target molecule involved the coupling of four copies of azido-

PEG spacer 184 on tetravalent RAFT scaffold 182 by a classic amidation in solution, in the presence of 

PyBOP® as activating agent, and DIPEA as base (Scheme 39b). Scaffold 185, featuring four azido 

residues connected through PEG spacers to the cyclopeptide backbone, and one Boc-protected amino 

group on the lower domain, was treated with a 50% TFA solution in CH2Cl2, then ice-cold ether was 

added to induce precipitation. The resulting crude mixture was reacted with propargyl-TF 155 (Scheme 

31) through CuAAC ligation, under our standard protocol, to give target compound 186 in 67% yield 

over two steps (Figure 71).    

 

183 184

185

186

a)

b)

182

184

Scheme 39.  a) Synthesis of azido-bearing di-PEG spacer 184. Conditions: [a] 50% TFA in CH2Cl2, r.t., 30 
min.; [b] 2,5-dioxopyrrolidin-1-yl 2-azidoacetate (1.2 eq.), DIPEA (1.5 eq.), CH3CN/DMF (1:1), r.t., 20 min., 
82% over two steps. b) Synthesis of TF-bearing glycocluster 186. Conditions: [c] 182, 184 (6.3 eq.), PyBOP® 
(6.3 eq.), DIPEA (8.0 eq.), CH3CN/DMF (1:1), r.t., 30 min., 88% yield; [d] 155 (6.0 eq.), CuSO4 (cat.), THPTA 
(10 eq.), Na ascorbate (28 eq.), 67% yield over two steps.   
 



146 
 

 

 

 

 Compound 186 was thus tested for a direct ELISA interaction assay with anti-TF mAb JAA-F11, 

along with its tetravalent analogue with reduced spacers (187), and a negative control (175) (Figure 

72). The effectiveness of all the species involved in the assay, including (i) the JAA-F11 mAb, (ii) the 

secondary antibody which binds to JAA-F11, (iii) the SIGMAFAST™ OPD (O-phenylenediamine 

dihydrochloride) tablets used for the revelation, and (iv) the BSA employed for the blocking procedure, 

was confirmed. Nevertheless, even raising the initial concentration of glycoconjugates up to 600 µM 

(corresponding to a 6-fold increase, compared to the previous assays), neither compound 186, nor 187 

demonstrated able to bind JAA-F11; again, only the TF-based polymer 179 (Figure 69) showed binding 

activity towards JAA-F11.      

 

 

 

 

 The negative outcomes obtained by our TF-functionalized compounds raised doubts about the 

presence of the triazole moiety close to the disaccharide units, which may cause interference 

phenomena towards the antibody recognition. Indeed, even if the spacer arms between the 

carbohydrate moiety and the cyclopeptide scaffold are longer in molecule 186 (Figure 71), compared 

b)a)

[M+H]+

[M+2H]2+

186 187 175

Figure 71. a) Analytical RP-HPLC profile (λ=214 nm, 0-30% solv.B in 15’) of 186. b)  ESI+-MS spectrum of 186 
(zoom). m/z calcd. for [M+2H]2+: 1809.8 (most intense peak of isotopic cluster), found: 1809.9; calcd. for 
[M+3H]3+: 1206.9, found: 1207.0.   
  

Figure 72. Set of compounds employed for the direct ELISA interaction test with mAb JAA-F11. 
 

tR = 10.26 min. 
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to those present in molecules 177 (Figure 68) and 187 (Figure 71), the position of the 1,2,3-triazole 

ring remains the same in all the abovementioned compounds.  

These results were obtained in the last months of my PhD fellowship, with a limited amount 

of JAA-F11 antibody, and time constraints which kept us to further investigate the reasons of these 

findings. Nevertheless, multivalent hetero-glycodendrimers 150 and 151 (Figure 59) still represent 

innovative and unprecedented structures for the conception of anticancer vaccines, and further 

studies will be addressed to overcome the reported negative outcomes. A possible avenue which can 

be explored concerns the replacement of the triazole moiety with a different linker unit (e.g. thioether, 

as for compound 179, figure 69), this would require a rethinking of the synthetic strategy and the 

synthesis of different building blocks, a task that we evaluated unfeasible for the abovementioned 

reasons of time. 

Consequently, we decided to focus our efforts towards the finalization of the vaccine 

prototypes structures based on the hexadecavalent display of Tn-antigen residues. The achievement 

of Tn-based fully synthetic vaccines, displaying an enhanced density of B-cell epitopes (i.e. compound 

111, figure 42, displaying a 4-fold increased Tn-antigen density compared to the previous vaccine 

generations designed by our research group) could be valorised in the context of immunization trials 

in mice models.  
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IV.2. Comparison between (OX)Tn-based glycodendrimers and (Ser)Tn-based 

glycodendrimers towards their interaction with mAb 9A7 

 

Another aspect that we sought to investigate concerned the validity of our modality to display 

the Tn-antigen. As explained in section I.2.2., TACAs like Tn and TF are naturally displayed upon serine 

or threonine residues, while our vaccine design relies on the utilization of the saccharide moieties 

alone, linked to multivalent scaffolds through “unnatural” linkages [i.e. (OX)Tn]. Although our 

compounds proved able to interact with 9A7 mAb, which previously demonstrated its ability to 

recognize Tn-positive human cancer cell lines, a direct comparison between our multivalent scaffolds 

decorated with oxime-linked and serine-linked Tn-antigens would provide a better understanding 

regarding the viability of our approach. 

We thus envisaged to synthesize tetravalent and hexadecavalent glycoconjugates decorated 

with the serine-Tn antigen to test them in comparison with our oxime-linked analogues through a 

direct ELISA interaction assay.   

 

 

 

IV.2.1. Synthesis of tetravalent glycocluster 190 containing the (Ser)Tn epitope 

 

 In order to synthesize serine-Tn-containing glycoconjugates, we first needed to obtain the N-

α-Fmoc-O-β-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-α-D-galactopyranosyl)-L-serine building block 

188 (Figure 73). The synthesis was performed by Dr. David Goyard, post-doctoral researcher of our 

group, according to the procedure described in literature.421 

 

  

 

 

188

Figure 73. N-α-Fmoc-O-β-(2-acetamido-2-deoxy-
3,4,6-tri-O-acetyl-α-D-galactopyranosyl)-L-serine 
building block. 
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 Key intermediate 189 (Scheme 40), displaying four Fmoc- and acetate- protected serine-Tn 

residues, was obtained through a two-step procedure from cyclopeptide 182 (Scheme 38). In solution 

amidation of the four amino residues on lysine’s side chains was performed under standard coupling 

conditions, by reacting 182 with 188 in DMF, in the presence of PyBOP® as activating agent and DIPEA 

as base. Due to the low polarity of the fully-protected conjugation product, whose identity was 

assessed via MALDI-MS, we preferred not to perform the RP-HPLC purification at this stage, but rather 

remove the solvent mixture under high vacuum and cleave the Boc-protecting group on the lower 

domain of the RAFT scaffold. Compound 189 was obtained after preparative RP-HPLC in 67% yield over 

two steps (Figure 74).    

 

 

 

 

 

 

 

189

182

[M+Na]+

a)

b)

Scheme 40. Synthesis of key intermediate 189. Conditions: [a] 188 (4.8 eq.), 
DIPEA (6.0 eq.), PyBOP (5.0 eq.), DMF, r.t., 30 min.; [b] 50% TFA in CH2Cl2, r.t., 
30 min., 67% over two steps.  
 

Figure 74.  a) Analytical RP-HPLC profile (λ=214 nm, 5-100% solv.B in 15’) of 189. b) MALDI-TOF spectrum of 
189. m/z calcd. for [M+Na]+: 3597.7 (average), found: 3598.7. 
  

 

tR = 12.67 min. 
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 From key intermediate 189, the tetravalent serine-Tn-containing glycocluster 190 was readily 

obtained by the sequential cleavage of Fmoc and acetate protecting groups (Scheme 41). Compound 

189 was thus dissolved in a 5% piperidine in CH3CN solution, and stirred in the presence of a large 

excess of piperidine, after 15 minutes stirring at room temperature, the reaction was monitored via 

UPLC-MS, showing the complete conversion to the partially deprotected intermediate. The crude 

solvent mixture was concentrated to dryness under high vacuum, and the acetate groups were 

deprotected under Zemplén conditions. After 20 minutes stirring at room temperature, UPLC-MS 

confirmed the presence of target glycocluster 190 (Scheme 41, figure 75). 

    

 

 

 

 

 

 

 

 

IV.2.2. Synthesis of hexadecavalent glycodendrimer 193 containing the (Ser)Tn 

epitope 

 

 The synthetic route towards the hexadecavalent glycoconjugate displaying serine-Tn epitopes 

has been designed in a convergent manner, by employing OL to decorate a tetravalent “core” scaffold 

with four glycosylated “arms”. Treatment of key intermediate 189 (Scheme 41) with Boc-

190189

[M+H] +

a) b)

Scheme 41. Synthesis of tetravalent glycocluster 190. Conditions: [a] 5% piperidine in CH3CN, r.t., 15 
min.; [b] MeONa/MeOH (pH≈10), r.t., 20 min., 82% over two steps.  
 

Figure 75. a) Analytical RP-HPLC profile (λ=214 nm, 0-20% solv.B in 15’) of 190. b) ESI+-MS spectrum of 190 
(zoom). m/z calcd. for [M+H]+: 2181.1 (monoisotopic), found: 2180.6. 
 

 

tR = 3.66 min. 
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aminooxyacetic acid N-hydroxysuccinimide ester,346 in the presence of DIPEA provided a suitable 

anchorage point in the lower domain of the RAFT scaffold (Scheme 42). To avoid RP-HPLC purification 

of the very apolar resulting intermediate, the crude was treated with an excess of piperidine in order 

to cleave the Fmoc moiety, thus affording compound 191 in 73% yield over two steps. Deacetylation 

of compound 191 under Zemplén conditions afforded glycosylated “arm” scaffold 192 (Scheme 42, 

figure 76), equipped with a Boc-protected aminooxy group in the lower domain of the scaffold. 

 

  

 

 

 

 

 

 Tetravalent “arm” glycocluster 192 was then treated with a 50% TFA solution to remove Boc-

protecting group (Scheme 43). After 30 minutes stirring at room temperature, the crude reaction 

mixture was added to ice-cold diethyl ether to induce precipitation of the free-aminooxy product. The 

resulting crude was obtained as a white solid, and reacted with aldehyde-bearing “core” scaffold 89 

(Scheme 15) through oxime ligation to afford final compound 193 (Scheme 43, figure 77).  

189

191

192

b)a)

Scheme 42. Synthesis of compound 191. Conditions: [a] Boc-aminooxyacetic acid N-
hydroxysuccinimide ester (1.2 eq.), DIPEA (2.0 eq.), CH3CN/DMF (1:1), 20 min.; [b] 5% piperidine in 
CH3CN, r.t., 15 min., 73% over two steps; [c] MeONa/MeOH (pH 10), r.t., 20 min., 89%.    

 

Figure 76. a) Analytical RP-HPLC profile (λ=214 nm, 0-40% solv.B in 15’) of 192. b)  HRMS (ESI+-TOF) of 192 
(zoom). m/z calcd. for [M+H]+: 2354.1826 (monoisotopic), found: 2354.1836. 

tR = 8.41 min. 
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IV.2.3. Comparison of binding efficacy between (OX)Tn- and (Ser)Tn-based 

glycoconjugates via ELISA direct interaction assays using anti-Tn mAb 9A7 

 

 With compounds 190 and 193 in hand we performed an ELISA direct interaction assay with 

mAb 9A7, involving hexadecavalent (OX)Tn-based glycodendrimer 111, tetravalent (OX)Tn-based 

glycocluster 194, and GlcNAc-containing glycocluster 174 as negative control (Figure 78). The 

192
193

89

[M+H]+

фф

ф

a)

b)

Scheme 43. Synthesis of hexadecavalent serine-Tn-based glycodendrimer 193. Conditions: [a] 50% TFA in 
CH2Cl2, r.t., 30 min.; [b] 89 (0.17 eq.), 0.1% TFA in H2O, 37°C, 45 min., 82% over two steps. 
 

Figure 77. a) Analytical RP-HPLC profile (λ=214 nm, 0-40% solv.B in 15’) of 193. b)  MALDI-TOF spectrum of 
193. m/z calcd. for [M+ H] +: 10190.9 (average), found: 10194.5. (ф = fragmentation) 

tR = 8.63 min. 
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experiments were carried out in the same conditions as those reported in section IV.1.1., by coating 

our compounds into microtiter wells by cascade dilutions, starting from a concentration of 100 µM.     

 

 

 

 

 Results of binding assays are reported in figure 79, expressed as absorbance values at 490 nm. 

Although hexadecavalent, (Ser)Tn-based compound 193 exhibited the strongest binding efficacy, the 

binding extent to 9A7 mAb of our (OX)Tn-based glycodendrimer 111 demonstrated to be suitable for 

its incorporation in anticancer vaccine prototypes. Tetravalent, Tn-containing compounds 190 and 194 

have not shown the same trend. Their absorbance values did not remarkably emerged from baseline 

values, suggesting that a tetravalent epitope display does not allow for an effective binding. 

     

190

193111

174194

Figure 78. Set of compounds tested in direct interaction ELISA assay with anti-Tn mAb 9A7 to compare 
oxime-based Tn glycoconjugates and serine-based Tn glycoconjugates. 
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 Taken together, these results prompted us to pursuit the synthesis of a set of new fully 

synthetic vaccine structures displaying the Tn antigen both in the oxime-based and serine-based 

fashion. Along with hexadecavalent vaccine prototypes, tetravalent analogues will be tested too, in 

order to confirm the impact of a higher B-cell epitope density towards the generation of a more 

effective humoral immune response. In the subsequent sections the syntheses of complete, fully 

synthetic vaccine structures will be described; while synthetic routes for obtaining (OX)Tn-based 

vaccine prototypes revealed to be relatively straightforward and accessible, the generation of (Ser)Tn-

based vaccine prototypes necessitated more complex manipulations (vide infra).  

The achievement of fully synthetic, (OX)Tn- or (Ser)Tn-based vaccine prototypes  would allow 

performing immunization trials in mice models and assessing the viability of our synthetic strategy 

involving the rapid and efficient construction of multivalent TACA-based glycodendrimers via click-

chemistry. It could be also interesting to introduce in our scaffolds minimal MUC1 sequences displayed 

in a multivalent fashion. 

 

 

  

Figure 79. Interaction curves of the anti-Tn monoclonal antibody 9A7 with 
glycoconjugates 193 (), 111 (), 190 (), 194 () and 174 ().   
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IV.3. Synthesis of complete, fully synthetic, vaccine prototypes containing 

(OX)Tn and (Ser)Tn epitopes  

 

 

 

IV.3.1. Synthesis of peptide 196 containing in-line CD4+ and CD8+ epitopes from 

ovalbumin 

 

 According to our fully synthetic strategy, we selected CD4+ TH cell, and CD8+ CTL oligopeptide 

epitopes from chicken ovalbumin (OVA) to build our vaccine prototypes.151,282,290,416,417 The choice of 

these epitopes was due to their widespread utilization in immunological studies. Indeed OVA is among 

the best characterized antigens, and many different OVA-expressing transgenic mouse models are 

available for research studies. Moreover, OVA-transfected tumor cell lines represent useful resources 

for the study of cancer immunology.422       

 Peptide sequence 195 (Scheme 44), containing amino acids with acid-labile protecting groups 

(i.e. Trt, Boc, tBu, Pfb) was obtained through automated SPPS by robot synthesizer, on a Rink amide 

resin support. Cleavage from the resin by treatment with a TFA/TIS/H2O (96:2:2) cocktail afforded 

peptide 196, containing CD4+ (i.e. OVA323-339, in green) and CD8+ (i.e. OVA257-264, in blue) epitopes 

(Scheme 44).     
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 Following the design strategy of compounds 84-87 (Figure 30 and 32a), CD4+ and CD8+ epitopes 

have been  synthesized “in-line”, equipped with a cysteine residue at the C-terminus, which represents 

the anchorage point for the attachment of 196 to multivalent TACA-bearing glycoconjugates 111, 190, 

193 and 194 (Figure 78). Indeed, the aforementioned constructs display a free amino residue in the 

lower domain of the “core” RAFT scaffold, which can be readily functionalized with a cysteine residue. 

The latter, can subsequently undergoes disulfide bridging to give rise to the target, three-components, 

fully synthetic vaccine prototypes (Figure 80a-d), whose syntheses are the object of the following 

sections. 

 

195

196

Scheme 44. Synthesis of immunostimulant peptide 196 containing in-line CD4+ and CD8+ epitopes. 
Conditions: [a] TFA/TIS/H2O (96:2:2), r.t., 3 h (x 3), 41% overall yield. 
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IV.3.2. Synthesis of fully synthetic anti-cancer vaccine prototypes incorporating 

the (OX)Tn motif 

 

 The fully synthetic structure represented in figure 80b, contains the tetravalent glycocluster 

194 (Figure 78) as B-cell epitope carrier. It does not represent an innovative compound to our group, 

since similar structures have already been described (e.g. compound 84-86, figure 29). In the frame of 

my PhD work, where one main objective was to test the effect of an enhanced saccharide B-cell 

epitope density over the entire construct, this tetravalent compound represent a useful control to be 

tested in vivo, along with the target hexadecavalent Tn-bearing compounds.  

 

 

a) c)

b) d)

Figure 80. Schematic representation of target, three-components, fully synthetic vaccines constructs. They 
include a multivalent a) hexadecavalent, or b) tetravalent display of oxime-linked (orange) saccharide Tn 
antigen; and c) hexadecavalent, or d) tetravalent serine-linked (azure) Tn antigens as B-cell epitopes. All final 
compounds are equipped with CD4+ (green) and CD8+ (blue) peptides as TH cell and CTL epitopes, respectively. 
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IV.3.2.1. Synthesis of tetravalent, (OX)Tn-bearing, fully synthetic anti-cancer vaccine 

prototype 199 

 

 The synthetic procedure for the construction of tetravalent, (oxime)Tn bearing, OVA-

conjugated vaccine prototype involved as first step the functionalization of the free amino residue on 

the lower domain of the scaffold with compound 197 (Scheme 45), the N-hydroxysuccinimide ester of 

Boc-[S-(3-nitro-2-pyridinesulfenyl)]-cysteine, also referred as Boc-Cys(NPys)-OSu.423,424 Among various 

options for the protection of thiol function of cysteine, the NPys (3-nitro-2-pyridinesulfenyl) group 

represented a valuable and versatile choice. Thanks to its stability towards most of common solvents, 

and under classical synthetic conditions (including strong acids and tertiary amines), it can be 

integrated in both solid-phase and in-solution peptide synthesis protocols relying on Boc/benzyl 

strategies. Nevertheless, it is not compatible with Fmoc-based strategies. The most intriguing feature 

of NPys relies on his double character of S-protecting and S-activating group, which under acidic 

conditions (pH 4.5-7.0) enables rapid and efficient conjugations with free thiol groups, in the presence 

of other nucleophiles. 

 We thus proceeded by coupling tetravalent glycocluster 194 with a slight excess of Boc-

Cys(NPys)-OSu (197) in DMF, in the presence of DIPEA as base (Scheme 45). Compound 198 was 

obtained as a light-yellow, foamy solid after RP-HPLC purification and lyophilization (Figure 81).  

 

 

 

 

194

197

198

Scheme 45. Synthesis of Cys(NPys)-containing compound 198. Conditions: [a] 197 (1.5 eq.), DIPEA (1.5 
eq.), DMF, r.t., 30 min., 74% yield. 
 



159 
 

  

 

 

 Compound 198 was then subjected to Boc-deprotection by treatment with a 50% TFA solution 

in CH2Cl2 for 30 minutes at room temperature (Scheme 46). Ice-cold diethyl ether was added to induce 

precipitation, and the crude deprotected intermediate was obtained as a white solid after 

centrifugation and drying under high vacuum. HRMS and analytical RP-HPLC experiments confirmed 

the identity of the desired deprotected product, thus the crude was employed without any further 

purification for the final conjugation step. To a degassed solution of Boc-deprotected compound 198 

in sodium acetate buffer (pH 4.5, 40 mM), a solution of cysteine-containing peptide 196 (Scheme 44) 

in DMF was added, and the reaction progression monitored via RP-HPLC. Upon addition of the peptide 

solution, the reaction mixture color progressively turned into intense yellow, indicating the 

displacement of the NPys group. Accordingly, after 20 minutes stirring at room temperature the 

conversion was complete, showing no trace of the starting materials. Pure vaccine prototype 199 was 

obtained in 72% yield over two steps after RP-HPLC purification and lyophilization (Figure 82).   

 

 

 

a) b)

198 199

Figure 81. a) Analytical RP-HPLC profile (λ=214 nm, 5-60% solv.B in 15’) of 198. b)  HRMS (ESI+-TOF) of 198 
(zoom). m/z calcd. for [M+H]+: 2475.0368 (most intense peak on isotopic cluster), found: 2475.0386, calcd. 
for [M+Na]+: 2496.0159 (monoisotopic), found: 2496.0229.   

Scheme 46. Synthesis of tetravalent vaccine prototype 199. Conditions: [a] 50% TFA/CH2Cl2, r.t., 30 min.; 
[b] 196 (1.1 eq.), NaOAc buffer (pH 4.5, 40 mM), DMF, r.t., 20 min, 72% yield over two steps. 
 

tR = 8.15 min. 
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IV.3.2.2. Synthesis of hexadecavalent, (OX)Tn-bearing, fully synthetic anti-cancer vaccine 

prototype 201 

 

 The synthetic strategy described above was next employed for the synthesis of the vaccine 

prototype incorporating hexadecavalent oxime-Tn glycodendrimer 111 (Figure 78). The first problem 

that we encountered was related to the solubility of our glycosylated compound. Surprisingly, the 

addition of DMF to 111 caused the formation of a gel, whose dissolution could not be induced neither 

by adding more solvent, nor gently warming the mixture under vigorous agitation or sonication. Most 

of the material was sticking to the reaction flask’s walls. In a first attempt to at least obtain a 

homogeneous dispersion of the product, addition of equal volumes of DMSO allowed the reaction to 

occur, using slightly modified reaction conditions compared to those described in scheme 45. It has 

been possible to isolate pure intermediate 200 (Figure 83), with a poor 30% yield after RP-HPLC 

[M+H]+

ф

ф

ф

ф

ф

a)

b)

Figure 82. a) MALDI-TOF spectrum of 199. m/z calcd. for [M+H]+: 5040.5 (average), found: 5041.4. (ф = 
fragmentation) b)  Analytical RP-HPLC profile (λ=214 nm, 0-40 solv.B in 15’) of 199. 

tR = 11.47 min. 
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purification and lyophilization (Scheme 47). Compound 111 is completely soluble in water, conversely, 

Boc-Cys(NPys)-OSu 197 is highly apolar and soluble in organic solvents such as CH2Cl2, AcOEt or DMF. 

We managed to raise the yield up to 41% by performing the reaction in a mixture containing PBS buffer 

(pH 7.4, 10 mM) and DMF in 1:1 proportions. Nevertheless, given the loss of material at this late stage 

of the synthetic route, improving the yield of this step remains an important task to be addressed in 

the future. 

 

 

 

 

 

 

   

The final conjugation step was carried out under the same conditions described for vaccine 

prototype 199 in scheme 46. Hexadecavalent vaccine prototype 201 (Scheme 48, Figure 84), was 

111

200

a) b)

[M+4H]4+

[M+5H]5+

[M+6H]6+

[M+7H]7+

Scheme 47. Synthesis of Cys(NPys)-containing compound 200. Conditions: [a] 
197 (1.5 eq.), DIPEA (1.4 eq.), DMF/DMSO (1:1), r.t., 60 min., 30% yield; [b] 197 
(1.5 eq.), PBS (pH 7.4, 10 mM)/DMF (1:1), r.t., 60 min., 41% yield. 

 

Figure 83. a) Analytical RP-HPLC profile (λ=214 nm, 0-40 solv.B in 15’) of 200. b) ESI+-MS spectrum of 200 
(zoom). m/z calcd. for [M+4H]4+: 2573.7 (average), found: 2574.1; calcd. for [M+5H]5+: 2059.1, found: 2060.5; 
calcd. for [M+6H]6+: 1716.1, found: 1717.0; calcd. for [M+7H]7+: 1471.1, found: 1472.1. 

tR = 11.15 min. 
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obtained in 61% yield over two steps, after RP-HPLC purification and lyophilization, as white foamy 

solid. 

 

 

 
 In the next sections the synthesis of tetravalent and hexadecavalent serine-Tn containing 

vaccine prototypes (Figure 80d and 80c, respectively) will be described. The completion of this small 

200 201

a)

b)

[M+5H]5+
[M+6H]6+

[M+7H]7+

[M+8H]8+

[M+9H]9+

[M+10H]10+

Scheme 48. Synthesis of hexadecavalent vaccine prototype 201. Conditions: [a] 
50% TFA/CH2Cl2, r.t., 30 min.; [b] 196 (1.1 eq.), NaOAc buffer (pH 4.5, 40 mM), 
DMF, r.t., 20 min, 61% yield over two steps. 
 

Figure 84. a) Analytical RP-HPLC profile (λ=214 nm, 5-60 solv.B in 15’) of 201. b) ESI+-MS spectrum of 201 
(zoom). m/z calcd. for [M+5H]5+: 2572.1 (average), found: 2572.3; calcd. for [M+6H]6+: 2143.6, found: 2144.1; 
calcd. for [M+7H]7+: 1837.5, found: 1838.0; calcd. for [M+8H]8+: 1607.9, found: 1608.4; calcd. for [M+9H]9+: 
1429.4, found: 1429.9; calcd. for [M+10H]10+: 1286.6, found: 1287.0.   
 

tR = 7.47 min. 
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set of fully synthetic vaccine prototypes will be valorised by immunization trials, performed by our 

immunologist collaborators. 

 

 

 

IV.3.3. Synthesis of fully synthetic anti-cancer vaccine prototypes incorporating 

the (Ser)Tn motif 

 

 In the former section we described a synthetic strategy to obtain tetravalent and 

hexadecavalent vaccine constructs (199 and 201, respectively) starting from oxime-Tn glycoconjugates 

111 and 194 (Figure 78), which have been formerly employed for ELISA direct binding assays with anti-

Tn mAb 9A7 (IV.2.2.). In order to produce fully synthetic vaccine prototypes displaying (Ser)Tn B-cell 

epitopes, as those designed in figures 80c and 80d, we could not apply the above described 

straightforward methodology by starting from compounds 190 and 193 (Figure 78) due to the presence 

of several, chemically equivalent free amino groups. 

 That inconvenience forced us to undertake alternative pathways and think differently in terms 

of design, with considerable synthetic efforts. It also represented an opportunity to explore new 

chemical strategies that revealed useful for extending the toolbox for the design and synthesis of such 

multi-modal macromolecules. 

 

 

 

IV.3.3.1. Synthesis of tetravalent, (Ser)Tn-bearing, fully synthetic anti-cancer vaccine 

prototype 205 

 

 The synthetic route for (Ser)Tn-based tetravalent vaccine prototype started from key 

intermediate 189 (Scheme 40). Functionalization of the free amino residue in the lower domain of the 

scaffold with Boc-Cys(NPys)-OSu (197) afforded compound 202 in 77% yield after RP-HPLC purification 

and lyophilization (Scheme 49, figure 85).  
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Due to the low polarity of the staring material, the reaction did not show solubility problems 

in DMF, accordingly, yields were higher than those reported for compound 200 (Scheme 47).  

Compound 202 was next treated with a 50% TFA in CH2Cl2 solution to remove the Boc 

protecting group (Scheme 50). The crude product 203 was obtained as a white solid after precipitation 

in ice-cold diethyl ether, centrifugation and drying under high vacuum, and used without further 

purification procedures for the next step. The disulfide bridge formation between 203 and cysteine-

containing peptide 196 (Scheme 44) was carried out under slightly modified conditions, compared to 

those reported for the synthesis of 199 and 201 (Scheme 46 and 48, respectively). Due to the low 

polarity of 203, a DMF/NaOAc buffer (pH 4.5, 40 mM) mixture (2:1) was necessary to provide a proper 

solubilisation (Scheme 50). Compound 204 was thus obtained in 69% yield over two steps, after RP-

HPLC purification and lyophilization.  

189

202

a) b)

[M+Na]+

Scheme 49. Synthesis of Cys(NPys)-containing compound 202. Conditions: [a] 197 (1.5 
eq.), DIPEA (1.5 eq.), DMF, r.t., 30 min., 77% yield.  

Figure 85. a) Analytical RP-HPLC profile (λ=214 nm, 5-100 solv.B in 15’) of 202. b)  MALDI-TOF spectrum 
(zoom) of 202. m/z calcd. for [M+Na]+: 3955.1 (average), found: 3954.6.  
 

tR = 12.62 min. 
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Along with the signal corresponding to compound 204, MALDI analysis also showed the 

presence of its reduced cysteine-containing partners: 196 and M-196 (Corresponding to 203 without 

the NPys moiety, figure 86a). Since during preparative RP-HPLC purification a single peak was collected, 

and assuming that no co-elution phenomena happened (according to the observed retention times, 

see figures 86b and 86c), this could be either due to the reduction of disulfide bridge in the sample 

containing 204 before or during the MALDI analysis, or the experimental conditions by which MALDI 

measurements were carried on converted single compound 204 into a mixture.425      

202

203

204

Scheme 50. Synthesis of compound 204. Conditions: [a] 50% TFA/CH2Cl2, r.t., 30 min.; [b] 196 (1.1 eq.), 
DMF/NaOAc buffer (pH 4.5, 40 mM) (2:1), r.t., 30 min, 69% yield over two steps. 
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In an attempt to reduce the number of manipulations for the final deprotection of Fmoc and 

O-acetyl protecting groups, we treated compound 204 under Zemplén conditions overnight to induce 

its complete deprotection (Scheme 51). Nevertheless, this protocol did not resulted sufficiently 

efficient, indeed UPLC-MS analysis showed the presence of partially deprotected intermediates where 

Fmoc groups were still present, affording final compound 205 in 43% yield. Fmoc-protected 

intermediates were collected during preparative RP-HPLC and treated with a 5% piperidine in DMF 

solution for 20 minutes, allowing the recovery of a second batch of compound 205 (62% overall yield, 

including the former deprotection).    

 

[M+H]+

[M-196+Na]+

[196+H]+

a)

b) c)

Figure 86. a) MALDI-TOF spectrum of 204. m/z calcd. for [M+H]+: 6498.1 (average), found: 6498.9. m/z calcd. 
for [M-196+Na]+: 3700.9 (average), found: 3701.3. m/z calcd. for [196+H]+: 2822.2 (average), found: 2822.5.    
b) Analytical RP-HPLC profile (λ=214 nm, 5-100 solv.B in 15’) of 203. c) Analytical RP-HPLC profile (λ=214 nm, 
5-100 solv.B in 15’) of 204.  

tR = 11.38 min. tR = 10.34 min. 
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 As observed for compound 204 (Figure 86), despite the collection of a single peak during RP-

HPLC purification (Figure 87a), MALDI spectrum of 205 also exhibited signals relative to its reduced 

cysteine-containing partners (Figure 87b). 

      

 

 

 

 

  

204 205

a)

b)

[M+H]+

[196+H]+

[M-196+Na]+

Scheme 51. Synthesis of compound 205. Conditions: [a] MeONa/MeOH (pH≈10), r.t., overnight, 43% yield. 

 

Figure 87. a) Analytical RP-HPLC profile (λ=214 nm, 5-80 solv.B in 15’) of 205. b) MALDI-TOF spectrum of 205. 
m/z calcd. for [M+H]+: 5104.7 (average), found: 5104.8. m/z calcd. for [196+H]+: 2822.2 (average), found: 
2822.3. m/z calcd. for [M-196+Na]+: 2307.5 (average), found: 2308.1. 

tR = 5.96 min. 



168 
 

IV.3.3.2. Towards the synthesis of hexadecavalent, (Ser)Tn-bearing, fully synthetic anti-

cancer vaccine prototype 210 

 

 As for the above described synthesis of tetravalent (Ser)Tn-displaying vaccine prototype 205, 

the designed synthetic route for our last three-component vaccine construct started from key 

intermediate 189 (Scheme 40). The latter was reacted with Boc-aminooxyacetic acid N-

hydroxysuccinimide ester346 in DMF, in the presence of DIPEA, to install a Boc-protected aminooxy 

function in the lower domain of the scaffold (Scheme 52). The reaction mixture was concentrated to 

dryness under high vacuum, and the resulting crude compound treated with a TFA/NH2OH/CH2Cl2 

(50:2:48) cocktail for Boc removal from the aminooxy moiety. Aminooxy-bearing compound 206 was 

obtained as a white powder in 78% yield over two steps, after RP-HPLC purification and lyophilization 

(Figure 88).   

 

 

 

 

 

 

  

Aldehyde-bearing, tetravalent “core” scaffold 89 was reacted with freshly prepared compound 

206 under oxime ligation conditions (Scheme 53). Due to the low polarity of intermediate 206, the 

H2O/CH3CN ratio of the 0.1% TFA solvent mixture was adjusted to 1:9; under these conditions, and 

189

206

a) b)

[M+2H]2+

[M+3H]3+

Scheme 52. Synthesis of compound 206. Conditions: [a] Boc-aminooxyacetic acid N-
hydroxysuccinimide ester (1.2 eq.), DIPEA (1.5 eq.), DMF, r.t., 30 min., [b]  
TFA/NH2OH/CH2Cl2 (50:2:48), r.t., 30 min., 78% over two steps. 

Figure 88. a) Analytical RP-HPLC profile (λ=214 nm, 5-100 solv.B in 15’) of 206. b) ESI+-MS spectrum of 206. 
m/z calcd. for [M+2H]2+: 1824.9 (average), found: 1825.1; calcd. for [M+3H]3+: 1216.9, found: 1217.4.   

tR = 11.01 min. 
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upon heating at 37°C, the expected product 207 was readily formed in 69% yield after preparative RP-

HPLC and lyophilization.   

 

 

 

 

 MALDI analysis of oxime-containing compound 207 showed the presence of the expected 

monocharged ion, along with fragmentation signals relative to the breaking of one or more oxime 

bonds (Figure 89).  

 

 

 

 

The subsequent attachment of the Boc-Cys(NPys) moiety to the lower domain of scaffold 207 

proceeded under classic conditions, by using DMF as solvent and DIPEA as base (Scheme 54). 

Compound 208 was obtained in 62% yield after RP-HPLC purification and lyophilization (Figure 90).   

 

206

20789

[M+Na]+

ф

ф

Scheme 53. Synthesis of compound 207 through oxime ligation. Conditions: [a] 89, 206 (6.0 eq.), 0.1% TFA 
in H2O/CH3CN (1:9), 37°C, 60 min., 69% yield. 

Figure 89. a) MALDI-TOF spectrum of 207. m/z calcd. for [M+Na]+: 15786.5 (average), found: 15789.1. (ф = 
fragmentation) 
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 Even in this case, we were obliged to keep Fmoc and O-acetyl protecting groups to selectively 

introduce one copy of Cys(NPys) at the selected position. The following steps involved the disulfide 

bridging between intermediate 208 and cysteine-containing peptide 196 (Scheme 44), under similar 

conditions to those reported for the synthesis of compound 204 (Scheme 50). Compound 209 was 

obtained as white foamy solid after RP-HPLC purification and lyophilization (Scheme 55, figure 91).        

 

 

 

 

207

208

[M+6H]6+

208 209

Scheme 54. Synthesis of Cys(NPys)-containing compound 208. Conditions: [a] 197 (1.5 eq.), DIPEA 
(2.15 eq.), DMF, r.t., 30 min., 62% yield.  
 

Figure 90. ESI+-MS of 208 (zoom). m/z calcd. for [M+6H]6+: 2686.1 
(monoisotopic), found: 2686.1.  

Scheme 55. Synthesis of compound 209 via disulfide bridging. Conditions: [a] 50% TFA/CH2Cl2, r.t., 30 min.; [b] 
196 (1.1 eq.), DMF/NaOAc buffer (pH 4.5, 40 mM) (2:1), r.t., 30 min, 62% yield over two steps. 
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 With compound 209 in hand, we proceeded towards the Fmoc and O-acetyl protecting groups 

removal in order to obtain the target hexadecavalent vaccine prototype 210 containing the serine-

displayed Tn epitope (Scheme 56).  

 In a first attempt, owing to the incomplete deprotection observed for compound 205 (Scheme 

51), we decided to perform the piperidine-mediated Fmoc deprotection as first step, and subsequently 

cleave O-acetyl groups under Zemplén conditions. Compound 209 was thus dissolved in MeOH and, 

after 10 minutes stirring in the presence of piperidine (2 equivalents per Fmoc group), UPLC-MS 

analysis showed an irregular, multi-peaks chromatographic profile and incoherent mass signals, 

suggesting product decomposition. We thus reconsidered the aforementioned protocol based on 

Zemplén conditions (Scheme 51), unfortunately the deprotection was sluggish, and UPLC-MS analyses 

showed again unclear profiles, progressively leading to decomposition of compound 209 rather than 

deprotection. Treatment with potassium carbonate (20 mM in MeOH) showed similar results to those 

reported for the Zemplén protocol. Aqueous hydrochloric acid treatment resulted in a sluggish and 

incomplete O-acetyl deprotection, showing a crowded, multi-peak chromatographic profile. The last 

procedure that we tested, involved the utilization of a 50% solution of methylhydrazine in methanol. 

After 30 minutes reaction at room temperature, UPLC-MS analysis showed a cleaner chromatogram, 

and ESI+-MS analysis suggested the presence of multicharged ions that could be attributed to 

compound 210. Nevertheless it was not possible to isolate the target compound since it rapidly 

decomposed. 

  

[M+7H]7+

[M+8H]8+[M+9H]9+

[M+10H]10+

Figure 91. ESI+-MS of 209 (zoom). m/z calcd. for [M+7H]7+: 2670.8 
(average), found: 2668.3; calcd. for [M+8H]8+: 2336.6, found: 2336.0; calcd. 
for [M+9H]9+: 2077.1, found: 2077.4; calcd. for [M+10H]10+: 1869.5, found: 
1869.7.      
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 Given the difficulties encountered in obtaining final compound 210 we decided to design a 

different synthetic pathway to reach hexadecavalent, (Ser)Tn-displaying, three-components synthetic 

vaccine prototype (Figure 80c). 

 

 

 

IV.3.3.3. Alternative synthesis of hexadecavalent (Ser)Tn-bearing, fully synthetic anti-cancer 

vaccine prototype 

 

 

 

IV.3.3.3.1. Synthetic strategy 

 

 The weak points of the synthetic route described in the former section mainly involve two 

related aspects. The first relies on the need to manipulate the (Ser)Tn glycocluster in its fully protected 

form until the late steps of the synthetic pathway, whose low polarity implies long and solvent-

consuming purifications with inherent loss of product, impacting the ease of manipulation. The second 

aspect concerns the presence of oxime bonds, employed for the conjugation of peripheral glycosylated 

arm on the “core” scaffold, which are likely to be incompatible with the common basic conditions 

employed for the deprotection of Fmoc and O-acetyl moieties. 

 Therefore we designed an alternative fully synthetic vaccine prototype, by replacing oxime 

linkers with the more stable 1,4-triazole function (211, Figure 92).  

209 210

Scheme 56. Attempt of deprotection of compound 209. Conditions: [a] Piperidine (32 eq.), [b] NaOMe (pH 10), 
[c] K2CO3 (20 mM), [d] 37% aq. HCl (50% v/v), [e] MeHNNH2 (50% v/v). Reactions were carried out in MeOH at 
0.1-1 mM concentrations of 209, at room temperature. Their evolutions were monitored via UPLC-MS at t = 10, 
30, 60, 120 min., to overnight. 
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Since this modification involves an “internal” part of the final glycodendrimer structure, the 

binding capacity of the B-cell epitope moiety should not be affected. Thus, compound 211 represents 

to us a good candidate as vaccine prototype, with similar structural features to oxime-containing 

compound 193 (Figure 78).  

 Moreover, in contrast to 210, the alternative structure 211, featuring internal triazole linkers, 

allows to be assembled in a convergent manner, making the synthesis more elegant and enabling the 

deprotection of Fmoc and O-acetyl groups at an earlier stage of the synthetic pathway (Figure 93). 

 

 

 

 

 

  

210 211

Replacement of 
central oxime linkers

with 1,4-triazoles

211

Figure 92. We designed a synthetic strategy for obtaining vaccine prototype 211, having 1,4-triazole functions 
in lieu of oxime bonds. 

Figure 93. Convergent pathway for the synthesis of vaccine prototype 211. 



174 
 

IV.3.3.3.2. Convergent assembly of hexadecavalent, (Ser)Tn-bearing, fully synthetic anti-cancer 

vaccine prototype 211 

 

 Peptide sequence 213 (Scheme 57b) was obtained by including the alkyne-containing building 

block 212 (referred as Fmoc-Lys(Yne)-OH, scheme 57a).426 Cleavage from the resin under mild acidic 

conditions followed by cyclization in solution, afforded cyclopeptide 214 in 51% overall yield. 

Subsequent deprotection of the Boc moiety by treatment with 50% TFA in CH2Cl2 solution, afforded 

RAFT 215, bearing four amino residues on the upper domain of the scaffold, and a terminal alkyne 

residue in the lower domain (Scheme 57b, figure 94). 

 

    

 

 

  

 

 

212

213

214 215b)

a)

a) b)

Scheme 57. a) Alkyne-containing lysine building block 122. b) Synthesis of 
scaffold 215. Conditions: [a] 1% TFA, CH2Cl2; [b] PyBOP (1.2 eq.), DIPEA (2.0 
eq.), DMF/ CH2Cl2 (1:1), 0.5 mM, r.t., 30 min., 51% overall yield; [c] 50% TFA 
in CH2Cl2, r.t., 30 min., 92%.        

Figure 94. a) Analytical RP-HPLC profile (λ=214 nm, 0-20 solv.B in 15’) of 215. b)  HRMS (ESI+-
TOF) of 215 (zoom). m/z calcd. for [M+H]+: 1100.6944 (monoisotopic), found: 1100.6908. 
  

tR = 6.22 min. 
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 Scaffold 215 was then reacted with building block 188 (Figure 73) in DMF, in the presence of 

PyBOP® as activating agent and DIPEA as base (Scheme 58). Compound 216 was obtained in 82% yield 

after preparative RP-HPLC and lyophilization. The deprotection of Fmoc and O-acetyl groups was 

performed by dissolving 216 in MeOH, in the presence of 32 equivalents of methylhydrazine. After 

stirring overnight at room temperature, desired fully deprotected glycoconjugate 217 was isolated in 

72% yield (Scheme 58, figure 95).   

  

 

 

 

 

 

 

 According to our convergent strategy (Figure 93), once obtained compound 217, which serves 

as peripheral glycosylated “arm”, we undertook the synthesis of a central “core” scaffold, previously 

functionalized with the immunostimulant peptide sequence 196 (Scheme 44).  

215 216

217

a) b)

Scheme 58. Synthesis of alkyne-bearing glycocluster 217.  Conditions: [a] 188 
(4.8 eq.), DIPEA (6.0 eq.), PyBOP (5.0 eq.) DMF, r.t., 30 min., 82%; [b] 
MeHNNH2 (32 eq.), dry MeOH, r.t., overnight, 72%.   

Figure 95. a) Analytical RP-HPLC profile (λ=214 nm, 0-40 solv.B in 15’) of 217. b)  HRMS (ESI+-TOF) of 217 
(zoom). m/z calcd. for [M+H]+: 2261.1400 (monoisotopic), found: 2261.1311. 
  

tR = 4.09 min. 
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 Compound 120 (Scheme 23) was functionalised with Boc-Cys(NPys)-OSu (197) in DMF, in the 

presence of DIPEA as base, to give compound 218 in 71% yield after RP-HPLC purification and 

lyophilization (Scheme 59, Figure 96). 

 

 

 

 

 

 

 Disulfide bridging between freshly prepared scaffold 218 and cysteine-containing OVA 

sequence 196 (Scheme 44) was performed under classic conditions. First, treatment with a 50% TFA in 

CH2Cl2 solution caused the Boc protecting group removal, confirmed by HRMS data (Scheme 60). The 

second step was performed dissolving 218 in a previously degassed DMF/AcONa buffer (pH 4.5, 40 

mM) (2:1). Addition of a DMF solution containing peptide 196, caused the instantaneous yellow 

coloration of the reaction mixture, and UPLC-MS analysis revealed complete conversion after 30 

minutes stirring at room temperature. OVA-containing “core” scaffold 219 was isolated in 85% yield 

over two steps, after preparative RP-HPLC and lyophilization (Scheme 60, figure 97).   

 

120

218

a) b)

Scheme 59. Synthesis of Cys(NPys)-containing compound 218. Conditions: [a] 
197 (1.5 eq.), DIPEA (1.5 eq.), DMF, r.t., 30 min., 71% yield.  
 

Figure 96. a) Analytical RP-HPLC profile (λ=214 nm, 0-20 solv.B in 15’) of 218. b)  HRMS (ESI+-
TOF) of 218 (zoom). m/z calcd. for [M+Na]+: 1503.6575 (monoisotopic), found: 1503.6613. 
  

tR = 9.04 min. 
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 With compounds 217  and 219 in hand, representing our glycosylated “arms” and OVA-bearing 

“core” scaffolds, respectively, we were ready to perform the final copper(i)-catalyzed alkyne-azide 

cycloaddition to reach target vaccine prototype 211 (Figure 93).  

 Even though performing CuAAC in the presence of sodium ascorbate could also lead to 

disulfide bridge reduction,427 we decided to perform the reaction under our standard conditions to 

assess its feasibility (Scheme 61). Thus, compounds 217 and 219 were dissolved in a previously 

degassed DMF/PBS (pH 7.4, 10 mM) mixture, in the presence of copper sulphate, THPTA and sodium 

ascorbate. Even though UPLC-MS analyses, performed at t = 1 h and t = 2 h showed an increased 

formation of by-products, target compound 211 was isolated, after RP-HPLC purification and 

lyophilization, in a good 75% yield (Figure 98-99).  

  

218 219

a) b)

[M+2H]2+[M+3H]3+

[M+4H]4+

[M+5H]5+

[M+6H]6+

Scheme 60. Synthesis of OVA-containing “core” scaffold 219. Conditions: [a] 50% 
TFA/CH2Cl2, r.t., 30 min.; [b] 196 (1.1 eq.), DMF/NaOAc buffer (pH 4.5, 40 mM) (2:1), 
r.t., 30 min, 85% yield over two steps. 
  

Figure 97. a) Analytical RP-HPLC profile (λ=214 nm, 5-100 solv.B in 15’) of 219. b) ESI+-MS spectrum of 219. 
m/z calcd. for [M+2H]2+: 2024.3 (average), found: 2024.5; calcd. for [M+3H]3+: 1349.9, found: 1350.3; calcd. 
for [M+4H]4+: 1012.6, found: 1012.6; calcd. for [M+5H]5+: 810.3, found: 810.3; calcd. for [M+6H]6+: 675.4, 
found: 675.4.       
  

tR = 7.03 min. 
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219217

211

[M+5H]5+
[M+6H]6+

[M+7H]7+
[M+8H]8+

[M+9H]9+

[M+10H]10+

[M+11H]11+

[M+12H]12+

[M+13H]13+

[M+15H]15+

[M+14H]14+

Scheme 61. Convergent assembly of fully synthetic vaccine prototype 211 by 
CuAAC. Conditions: [a] 219, 217 (5.0 eq.), THPTA (10 eq.), CuSO4 (cat.), Na 
ascorbate (30 eq.), DMF, PBS (pH 7.4, 10 mM), r.t., 2 h, 75%. 

Figure 98. ESI+-MS spectrum of 211. m/z calcd. for [M+5H]5+: 2619.5 (average), found: 2617.5; calcd. for 
[M+6H]6+: 2183.0, found: 2182.7; calcd. for [M+7H]7+: 1871.3, found: 1871.6; calcd. for [M+8H]8+: 1637.5, found: 
1638.0; calcd. for [M+9H]9+: 1455.7, found: 1456.1; calcd. for [M+10H]10+: 1310.2, found: 1310.4; calcd. for 
[M+11H]11+: 1191.2, found: 1191.1; calcd. for [M+12H]12+: 1092.0, found: 1092.1; calcd. for [M+13H]13+: 1008.1, 
found: 1008.3; calcd. for [M+14H]14+: 936.2, found: 935.9; calcd. for [M+15H]15+: 873.8, found: 874.1.             
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 In conclusion, hexadecavalent (OX)Tn- and (Ser)Tn-bearing synthetic vaccines 201 (Scheme 48) 

and 211 (Scheme 61), respectively, have been successfully synthesized along with their tetravalent 

homologues (199, scheme 46, and 205, scheme 51). The immunological properties of these 

compounds will be evaluated in OVA-transfected mice models, in collaboration with Dr. Fernández-

Tejada’s research group.  

  

Figure 99. Analytical RP-HPLC profile (λ=214 nm, 5-60% solv.B in 15’) of 211. 

 

tR = 9.33 min. 
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V. 

 

 

 

Conclusions and Outlook 
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The objective of this work was to design and synthesize fully synthetic anticancer vaccine 

prototypes with improved immunological properties. On the basis of the previous results obtained by 

our research group we directed our efforts for the construction of new generations of prototypes 

focussing on two aspects: (i) the enhanced density of saccharide epitopes and (ii) their heterogeneous 

display. 

 In the first part of this manuscript (Chapter II) we focused our attention on the synthesis of 

multivalent homo-glycodendrimers, which represent our module of choice for the presentation of 

saccharide B-cell epitopes. To prevent the misuse of TACAs, which are harder to functionalize 

compared to simple monosaccharides, all our syntheses have been developed by using mannose, 

which is also relevant for other biological processes. We firstly reported the synthesis of mannose-

based hexadecavalent glycodendrimers following an iterative, oxime-based approach. The resulting 

mannosylated compounds have been tested in parallel with several targets to emphasize our synthetic 

efforts. We did not report these results for reasons of brevity, but briefly, these mannose-based 

glycodendrimers showed interesting binding activities towards DC-SIGN receptors, in the context of a 

collaboration with Prof. Fieschi, and served for the construction of a synthetic anti-HIV vaccine, in 

collaboration with Dr. Chebloune. The above-mentioned synthetic strategy allowed the 

straightforward construction of (OX)Tn-based glycodendrimers, which can be further functionalized to 

reach fully synthetic vaccine structures. We next reported a chemoselective strategy combining oxime 

ligation and CuAAC for the synthesis of (TRZ)Tn-based glycodendrimers, allowing a controlled assembly 

of hexadecavalent structures in both divergent and convergent fashion, which was not possible with 

the previous methods employed in our laboratory. The biological properties of the abovementioned 

glycodendrimers (containing the GalNAc moiety, i.e. saccharide part of Tn antigen) were evaluated 

through their binding activity towards the SBA lectin, showing the influence of saccharide orientation 

and valency. We then explored the synthesis and the biological properties of a new small family of 

mannose-based glycodendrimers with valencies ranging from four to twenty-four. One of these 

structures showed the highest binding potency for a monodisperse entity towards the bacterial lectin 

BC2L-A, reaching dissociation constants in the nanomolar range. 

 The second part of this manuscript (Chapter III) has been devoted to the synthesis of 

multivalent hetero-glycodendrimers grafted with (OX)Tn and (TRZ)TF epitopes. This route was 

represented by considerable synthetic efforts, involving multi-step procedures which required the 

preparation and characterization of several key building blocks, equipped with appropriate orthogonal 

functionalities. Through a multi-modal divergent protocol, we achieved the controlled assembly of 

multivalent di-topic scaffolds, with aldehyde and azide groups displayed in both separated and shuffled 

manners. The sequential one-pot decoration of these scaffolds with (OX)Tn and (TRZ)TF moieties, via 
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OL and CuAAC, led to unprecedented macromolecules which can be readily modified to obtain hetero-

multivalent fully synthetic vaccines.     

 In the third part of the manuscript (Chapter IV) we first disclosed preliminary results involving 

the interaction of the presented (OX)Tn/(TRZ)TF homo- and hetero-glycoclusters towards specific anti-

Tn and anti-TF mAbs. Results suggested the absence of interference phenomena for the recognition of 

the (OX)Tn epitope by the anti-Tn mAb 9A7 in the presence of the (TRZ)TF epitope; although the 

negative outcomes obtained by performing the same assays with anti-TF mAb JAA-F11 needed insights 

which cannot be undertaken due to time constraints. We next exploited the anti-Tn mAb 9A7 to 

compare the binding activities of (OX)Tn- and (Ser)Tn-based hexadecavalent glycodendrimers and 

tetravalent glycoclusters. The similar extent of interaction of these two multivalent structures 

suggested the validity of our (OX)Tn analogue to mimic the native (Ser)Tn antigen presentation 

modality, and highlighted the impact of an enhanced valency when tetravalent compounds were 

compared to their hexadecavalent analogues.  

Finally, we reported the synthesis of both tetravalent and hexadecavalent fully synthetic, 

three-component, vaccine prototypes based on (OX)Tn or (Ser)Tn epitopes, associated to OVA-derived 

CD4+ and CD8+ peptide epitopes. Hexadecavalent (Ser)Tn-based vaccine prototypes resulted much 

more difficult to obtain, compared to their (OX)Tn analogues. This prompted us to design an alternative 

synthetic strategy which demonstrated effective, and extended the panel of methodologies for the 

construction of complex biomolecular systems.  

 The new generation of anticancer vaccine prototypes, with enhanced density of saccharide 

epitopes, will be evaluated in mice models, in collaboration with Dr. Fernández-Tejada.  

 

 As emphasized in the introduction (Chapter I), there are many aspects which should be 

considered in designing fully synthetic anticancer vaccines. The modular approaches for their 

construction allow tailoring design aspects on each subunit, giving access to a large variety of 

parameters. In the present work we focused our attention on the B-cell epitope presentation, by 

enhancing the saccharide antigens density and providing a heterogenic epitope display. In this scenario 

the future perspectives that can be envisaged involve the introduction of more complex TACAs as B-

cell epitopes (e.g. STn, globo-H, GM2…), as well as minimal glycosylated MUC-1 sequences, since 

several studies demonstrated the importance of the oligopeptide sequence on which the carbohydrate 

epitope is displayed. The current improved understanding in specific immune activation provided by 

adjuvants allows for a better sustain of vaccine-induced immune responses. This may provide new 

alternatives in adjuvant settings, overcoming the safety issues which made the use of alum so 

controversial. Finally, the identification of new tumor-associated markers can be of great impact not 

only in a diagnostic context, but also for the conception of new generations of vaccines.  
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Despite interesting preclinical results, and the large variety of possibilities in term of design, one main 

problem associated to therapeutic anticancer vaccines remains the immunocompromised condition of 

cancer patients. An innovative approach in the field of anticancer immunotherapy, which could 

represents a more straightforward way to promote the immuno-mediated clearance of cancer cells 

has been paved by the group of Dr. Spiegel. This approach involves the use of so-called antibody-

recruiting molecules: bi-functional entities whereby the first module recognizes and binds to cancer 

cells and the second interacts with naturally occurring IgG antibodies, redirecting the humoral immune 

response against targeted transformed cells. This represents a more straightforward strategy than an 

immunization protocol, since it does not require the immune system to mount an ex novo immune 

response, but exploits antibodies which are constitutively present in our bloodstream. The synthetic 

methodologies developed in the course of my PhD project can be exploited for reaching such bi-

functional constructs, contributing for this new avenue in chemical immunology. 
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VI.  

 

 

 

Materials and methods 
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VI.1. Equipment 

 

 

 

VI.1.1. High performance liquid chromatography (HPLC) 

 

• Analytical RP-HPLC was performed on a Waters Alliance 2695 separation module, equipped 

with a Waters 2489 UV/visible detector. Analyses were carried out at 1.23 mL·min−1 (Interchim 

UPTISPHERE X-SERIE, C18, 5 µm, 125x3.0 mm) with UV monitoring at 214 nm and 250 nm, using a linear 

A–B gradient (A:  0.1% CF3CO2H in water; B: 0.1% CF3CO2H in 90% aq. acetonitrile). 

• Preparative RP-HPLC was performed on Gilson GX 281 equipped with a fraction collector, or 

on Waters equipment composed by a Waters 600 controller and a Waters 2487 Dual Absorbance 

Detector. Purifications were carried out at 22.0 mL·min−1 (Macherey-Nagel VP, C18, 7 µm, 300 Å, 250x21 

mm) with UV monitoring at 214 nm and 250 nm, using a linear A–B gradient. 

• Analytical RP-UPLC (coupled with ESI-MS) was performed on a Waters Acquity UPLC system. 

Analyses were carried out at 0.6 mL/min (Phenomenex WIDEPORE XB, C18 , 3.6 µm, 300 Å, 50x2.1 mm) 

with UV monitoring at 214 nm, using a linear C–D gradient (C:  0.1% CH2O2 in water; D: 0.1% CH2O2 in 

acetonitrile).  

 

 

 

VI.1.2. Mass spectrometry (MS) 

 

• ESI-MS spectra were recorded on Waters Acquity UPLC-MS equipped with a SQ Detector 2. 

• HRMS spectra were recorded by ICMG’s mass platform service, on a Waters Xevo G2-S QTof. 

• MALDI-TOF spectra were recorded by ICMG’s mass platform service, on a AutoFlex I Bruker 

after sample pre-treatment in an OligoR3 microcolumn (Applied Biosystems, USA) using a 2,5-

dihydroxybenzoic acid matrix.  

 

 

 

VI.1.3. Nuclear magnetic resonance (NMR) 

 
1H and 13C NMR spectra were recorded on BrukerAvance 400 MHz or BrukerAvance III 500 MHz 

spectrometers and chemical shifts (δ) were reported in parts per million (ppm). Spectra were 

referenced to the residual proton solvent peaks relative to the signal of CDCl3 (δ 7.27 and 77.23 ppm 

for 1H and 13C), D2O (δ 4.79 ppm for 1H), CD3OD (δ 3.31 and 49.00 ppm for 1H and 13C), DMSO-d6 (δ 2.50 

and 39.55 ppm for 1H and 13C), acetone-d6 (δ 2.05 and 29.84 ppm for 1H and 13C) assignments were 

done by GCOSY and GHMQC experiments. Standard abbreviations s, d, t, dd, br s, m, app refer to 

singlet, doublet, triplet, doublet of doublets, broad singlet, multiplet and apparent, respectively. 
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VI.1.4. Circular dichroism (CD) 

 

CD spectra were acquired with signal averaging on a Jasco J-810 spectropolarimeter equipped 

with a Jasco Peltier PTC-423S temperature controller, and a baseline was recorded separately and 

subtracted. Far-UV spectra were recorded from 340 to 200 nm at 25°C, in a quartz cell with 1 mm path-

length. Spectra are reported as the averages of four scans and ellipticities are reported as molar 

ellipticity. To reduce noise, the data were smoothed with a Savitzy–Golay smoothing algorithm using 

a convolution window of seven data points. Spectra were acquired using solutions of glycoclusters in 

Milli-Q H2O at a concentration of 200 µM. 

 

 

 

VI.1.5. Molecular models 

 

Models in figure 57 were built using Sybyl molecular graphics editor (Certara, Munich, 

Germany). Starting from the crystal structure of the N3P3 scaffold,372 linkers were built and terminal 

mannose residues added either onto a model of branched peptide or onto the structure of a cyclic 

peptide taken from an NMR model.355 

 

 

 

VI.2. Interaction assays 

 

 

 

VI.2.1. Enzyme-linked lectin assay (ELLA) 

 

ELLA experiments were conducted using 96-well microtiter Nunc-Immuno plates (Maxi-Sorp) 

coated with 100 µL of polymeric sugar (PAA-α-N-acetyl-D-galactosamine, 5 µg·mL−1; Lectinity Holding, 

Inc., Moscow) diluted in carbonate buffer, pH 9.6 for 1 h at 37 °C. Excess of PAA-sugar was removed, 

and then wells were blocked with BSA in PBS (3% w/v, 100 µL per well) at 37 °C for 1 h. The soybean 

agglutinin (SBA) lectin conjugated HRP (0.1 µg·mL−1) was mixed with various concentrations of 

inhibitors for 1 h at 37°C. Then the mixture was added to the PAA-sugar-coated microwells and 

incubated for 1 h at 37°C. The wells were washed with T-PBS (3 × 100 µL per well) and then the colour 

was developed using 100 µL per well of 0.05 M phosphate/citrate buffer containing O-

phenylenediamine dihydrochloride (OPD, 0.4 mg·mL−1) and urea hydrogen peroxide (0.4 mg·mL−1, 

Sigma-Aldrich). The reaction was quenched after 10 minutes by adding H2SO4 (30% v/v, 50 µL per well). 

Absorbance was read at 490 nm using a microtiter plate reader (SPECTRAmax, model PLUS384, 

Molecular Devices). Percentage inhibition was calculated as follows: inhibition (%) = [(Amax − A)/Amax] × 

100, where Amax is the absorbance of the SBA lectin without inhibitor and A is the absorbance of the 

SBA lectin with inhibitor. The percentage of inhibition was plotted against log [inhibitor]. 
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VI.2.2. Isothermal titration microcalorimetry (ITC)   

 

ITC experiments were performed with a PEAQ-ITC isothermal titration microcalorimeter 

(Malvern Instruments, Malvern, UK). The experiments were performed at 25°C. Lyophilized 

glycoconjugates and BC2L-A were dissolved in the same buffer composed of Tris-HCl (20 mM) 

containing NaCl (100 mM) and CaCl2 (100 µM) at pH 7.5. BC2L-A (100–300 µM) was placed in the 200 

µL sample cell operating at 25°C. Titrations were performed with 19 injections of sugar derivatives (65 

µM to 3 mM, 2 µL) spaced by 150 seconds. The experimental data were fit to a theoretical titration 

curve using the supplied MicorCal PEAQ-ITC analysis software, with ΔH (enthalpy change), Kd 

(dissociation constant) and n (number of binding sites per monomer) as adjustable parameters. Free 

energy change (ΔG) and entropy contributions (TΔS) were derived from the equation ΔG = ΔH – TΔS = 

– R·T·lnKa (where T is the absolute temperature and R=8.314 J·mol-1·K-1 and Ka =1/Kd ). Two or three 

independent titrations were performed for each tested ligand. 

 

 

 

VI.2.3. Enzyme-linked immunosorbent assay (ELISA) 

 

96-well microtiter Nunc-Immuno plates (Maxi-Sorp) were coated with serial two-fold dilutions 

of each glycoclusters in PBS buffer pH 7.4 (from 100 µM to 3 nM, 100 µL per well,) for 1 h at 37°C. The 

wells were then washed with T-PBS (3 x 100 µL per well, PBS pH 7.4 containing 0.05% (v/v) Tween 20). 

This washing procedure was repeated after each incubation step. The coated microtiter plates were 

then blocked with BSA in PBS (3% w/v, 1 h at 37°C, 100 µL per well). Primary mouse anti-Tn monoclonal 

antibody (9A7 or JAA-F11) was then added (100 µL per well) and plates were incubated for 1 h at 37°C. 

Anti-Tn/TF antibody interaction with coated glycoclusters was revealed by using goat anti-mouse IgG 

peroxidase conjugate 1:1000 (100 µL per well, incubation 1 h at 37°C) and o-phenyldiamine/H2O2 

substrate (OPD, 100 µL per well). The reaction was quenched after 10 minutes by adding H2SO4 (30% 

v/v, 50 µL per well) and the absorbance was measured at 490 nm. The optical density (OD at 490 nm) 

was plotted against the logarithm of the concentration for each glycocluster. Sigmoidal curves were 

fitted using Origin v6.1 software. 

 

 

 

VI.3. General synthesis methods and procedures 

 

All chemical reagents were purchased from Sigma–Aldrich (Saint Quentin Fallavier, France) or 

Acros (Noisy-Le-Grand, France) and were used without further purification. All protected amino acids, 

Fmoc-Gly-Sasrin, and Rink amide resins were obtained from Advanced ChemTech Europe (Brussels, 

Belgium), Bachem Biochimie SARL (Voisins-Les-Bretonneux, France) and France Biochem S.A. 

(Meudon, France). For carbohydrates, progress of reactions was monitored by thin layer 

chromatography using silica gel 60 F254 pre-coated plates (Merck). Spots were visualised by charring 
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with 10% H2SO4 in EtOH. Silica gel 60 (0.063–0.2 mm or 70–230 mesh, Merck) was used for column 

chromatography. 

 

 

 

VI.3.1. General procedures for solid-phase peptide synthesis (SPPS) 

 

Assembly of all linear protected peptides was performed manually or automatically by solid-

phase peptide synthesis (SPPS) using the standard 9-fluorenylmethoxycarbonyl/tert-butyl (Fmoc/tBu) 

protection strategy. In manual SPPS, the device consisted in a polypropylene syringe-shaped reactor 

(150 mL volume) (#5147808 Grace SA, USA), equipped with a filter and a valve in the lower end. The 

resin was weighed and added to the reactor, then gently stirred with an orbital laboratory agitator (IKA 

Vibrax VXR basic, USA) in the presence of CH2Cl2 for 10 minutes to promote its swelling. The employed 

reaction volumes were equal to 10 mL of solvent per gram of resin, reactors could be charged up to 4 

g of resin. After the swelling phase, CH2Cl2 was removed through filtration assisted by compressed air 

and the resin was stirred again for 10 minutes in the presence of DMF. After DMF removal, the resin 

was treated with a 20% piperidine solution in DMF, three times for ten minutes. The collected 

deprotection cocktail was transferred in a volumetric flask and made up to the mark. Using a fraction 

of this solution, the effective loading of the resin was indirectly calculated by measuring the absorption 

at 299 nm, corresponding to the deprotection by-product (dibenzofulvene-piperidine adduct), which 

indicates the moles of free amino groups per gram of resin according to the following formula: 

𝑛 =  
𝐴 · 𝑉 · 𝑑 · 1000

𝑙 · 𝑚 · ɛ299
 

 
with: n = free amino groups (mmol·g-1); A = absorbance value at 299 nm; V = volumetric flask volume 

(L); d = dilution factor; 1000 = factor conversion of mol to mmol; l = optical path length of the cell (cm); 

m = sample weight of resin (g); ɛ299 = molar attenuation coefficient of dibenzofulvene at 299 nm (7800 

L·mol-1·cm-1).428   

 The resin was then washed several times with DMF (5 x 10 min.) before proceed with the 

coupling phase. Couplings were performed using 1.5 – 2.0 eq. of N-Fmoc-protected amino acids 

activated in situ with 1.5 – 2.0 eq. of PyBOP® and 3.0 – 4.0 eq. of DIPEA in DMF (10 mL per gram of 

resin) for 30 minutes at room temperature. The resin was washed again (5 x 10 min.), and the 

completeness of amino acid coupling was assessed via TNBS test.429 A small portion of resin beads 

were treated with a solution containing 2,4,6-trinitrobenzene-sulphonic acid (1% w/v in DMF), which 

reacts with free primary amino groups to form an orange-red trinitrophenylated derivative. After 

completion of the coupling cycle, the procedure for the peptide elongation was repeated from the 

Fmoc-deprotection step. Automated syntheses of peptides were performed on a 348 Ω Synthesizer 

(Louisville, KY), using similar conditions to that reported above. 
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VI.3.2. General procedures for peptide cleavage  

 

• Peptides linked to SASRIN™ resin were treated with a TFA/CH2Cl2 (1:99) cocktail (10 x 10 min.). 

The collected solutions were neutralized with DIPEA and concentrated under reduced pressure. Ice-

cold diethyl ether was added to induce precipitation. After filtration and dessiccation, the resulting 

white solid was triturated to give a powder, and analysed by mass spectrometry.   

• Peptides linked to Rink amide® resin were treated with a TFA/TIS/H2O (96:2:2) cocktail (2 x 3 

h.). The collected solutions were concentrated under reduced pressure, and ice-cold diethyl ether was 

added to induce precipitation. After filtration and dessiccation, the resulting white solid was triturated 

to give a powder, and analysed by mass spectrometry.   

 

 

 

VI.3.3. General procedure for peptide cyclization 

 

Linear peptides were dissolved in CH2Cl2/DMF (1:1) at ≈ 0.5 mM (based on the calcd. loading) 

in the presence of 1.5 eq. of DIPEA and 1.2 eq. of PyBOP®. After 30 minutes stirring the solvent mixture 

was removed under vacuum and the crude residue dissolved in the minimum amount of CH2Cl2. To this 

solution, ice-cold diethyl ether was added, and the crude cyclic peptide was obtained as a white power 

after filtration and drying. The crude was then purified through preparative RP-HPLC and lyophilized.     

 

 

 

VI.3.4. General procedure for oxidative cleavage 

 

 To a solution of serine-containing substrate in H2O (plus CH3CN, where necessary), 10 eq. per 

serine group of sodium periodate (M.W. 213.89) were added. After stirring at room temperature for 

40 minutes the reaction mixture was directly purified through RP-HPLC and the collected fractions 

lyophilized, to give desired α-oxo-aldehyde-containing products as white foamy solids. 

 

 

 

VI.3.5. General procedure for oxime ligation (OL) 

 

 A solution containing the aldehyde-bearing substrate, the aminooxy-functionalized compound 

(1.2 – 1.5 eq. per aldehyde) in 0.1% TFA in H2O (plus CH3CN, where necessary), was heated at 37°C for 

30-60 min. The reaction completion was controlled via analytical RP-HPLC or UPLC-MS, then the crude 

was purified through preparative HPLC and the collected fractions lyophilized to give the oxime-

containing product as white foamy solid. 
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VI.3.6. General procedure for copper(I)-catalyzed alkyne-azide cycloaddition 

(CuAAC) 

 

 Three solutions were prepared. Solution A contained the azido-bearing substrate and the 

alkyne-functionalized compound in DMF. Solution B contained CuSO4·5H2O (M.W. 249.69, cat.) and 

THPTA (M.W. 434.50, 1–8 eq. per azido group) in PBS buffer (pH 7.4, 10 – 100 mM). Solution C 

contained sodium ascorbate (M.W. 198.11, 5–10 eq. per azido group) in PBS buffer. All solution were 

degassed by performing vacuum/N2 cycles (x3), then Solution C was added to Solution B, causing the 

reduction of Cu(II) to Cu(I) and turning the solution color from blue to colorless. The resulting mixture 

was added to Solution A, and the reaction was stirred at room temperature for 2 hours. After reaction 

completion check via HPLC or UPLC, a small amount of Chelex® resin (50-100 mesh, Sigma Aldrich) was 

added to the reaction mixture to chelate copper ions. After 30 minutes stirring at room temperature 

the reaction mixture was filtered and purified through preparative HPLC, to give the triazole-containing 

product as a white foamy solid after lyophilization.     

  

 

 

VI.3.7. General procedure for disulfide bridging 

 

 To a solution of Cys(NPys)-containing substrate in a previously degassed NaOAc buffer (pH 4.5, 

40 mM) (plus DMF, when required), a solution in DMF containing 1.1 eq. of cysteine-functionalized 

peptide were added. Reaction progress can be suggested by an intense yellow coloration of the 

reaction mixture, indicating the cleavage of the NPys moiety. After 20-30 minutes stirring at room 

temperature, reaction completion was controlled via analytical HPLC or UPLC-MS and the crude 

reaction was directly purified and lyophilized to give a white foamy solid.   
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VI.4. Syntheses and characterizations 

 

Compound 63 

Compound 63 was synthesized according to the published procedure: Renaudet, O., 

and Dumy, P. (2006) On-bead synthesis and binding assay of chemoselectively 

template-assembled multivalent neoglycopeptides. Org. Biomol. Chem. 4, 2628–2636. 

Characterization data were in accordance with the previous report. 

 

 

Compound 64 

A solution of 99 (158.0 mg, 72.9 µmol) in a TFA/NH2OH/TIS/H2O 

cocktail (94:2:2:2) was stirred at room temperature for 3 hours. The 

reaction mixture was concentrated under reduced pressure and the 

resulting solution was added to ice-cold diethyl ether to induce 

precipitation. The solid was filtered and purified through RP-HPLC. 

After lyophilization, compound 64 (88.3 mg) was obtained in 84% 

yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1441.8127 

(monoisotopic), found: 1441.8109; calcd. for [M+Na]+: 1463.7946, 

found: 1463.7944. tR = 6.25 min. (λ=214 nm, 0-30% solv.B in 15’). 

 

 

Compound 88 

Peptide sequence 100 was synthesized manually, in a 

polypropylene reactor, following the general procedure 

for SPPS (VI.3.1.) on 1.215 g of Rink amide® support 

(measured loading = 0.490 mmol·g-1). The Alloc group 

was cleaved by treating the resin with a suspension of 

Pd(PPh3)4 (13.6 mg, 11.8 µmol, 2% mol) and PhSiH3 

(1850 µL, 15.994 mmol, 27 eq.) in dry CH2Cl2 (12 mL). 

After 30 minutes stirring at room temperature MeOH 

(20 mL) was added, and the reactor stirred until the CO2 

bubbling ceased. The resin was then washed with CH2Cl2 

(3 x 30 mL) and suspended in DMF. Boc-aminooxyacetic 

acid N-hydroxysuccinimide ester346 (203.4 mg, 0.706 

mmol, 1.2 eq.) and DIPEA (154 µL, 0.884 mmol, 1.5 eq) 

were added, and the reactor stirred at room 

temperature for 30 minutes to give modified sequence 

101 (not isolated). Finally, for the cleavage step the 

resin support was transferred in a round bottom flask 

(500 mL) and treated with a TFA/NH2OH/TIS/H2O (94:2:2:2) cocktail, following the general procedure 

for Rink amide® cleavage (VI.3.2.). After RP-HPLC purification and lyophilization, compound 88 (225.1 



192 
 

mg) was obtained in 37% overall yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1022.5958 

(monoisotopic), found: 1022.5970. tR = 6.25 min. (λ=214 nm, 0-20% solv.B in 15’).     

 

 

 

 

 

Compound 89 

Compound 98 (88.2 mg, 64.4 µmol) was treated with a solution of NaIO4 

(551.4 mg, 2.578 mmol) in H2O (4.5 mL) following the general procedure for 

oxidative cleavage (VI.3.4.). Compound 89 was obtained in 78% yield (62.5 

mg). HRMS (ESI+-TOF): m/z calcd. for [M+H2O+H]+: 1316.6698 

(monoisotopic), found: 1316.6715. tR = 8.62 min. (λ=214 nm, 0-20% solv.B 

in 15’).    

 

 

 

 

 

 

Compound 90 

Compound 90 was synthesized according to the published procedure: Renaudet, O., 

and Dumy, P. (2006) On-bead synthesis and binding assay of chemoselectively 

template-assembled multivalent neoglycopeptides. Org. Biomol. Chem. 4, 2628–

2636. Characterization data were in accordance with the previous report. 

 

 

 

 

 

 

Compound 91 

Compound 91 (11.4 mg) was obtained in 88% 

yield by reacting 102 (9.1 mg, 1.4 µmol) and 90 

(5.5 mg, 28.2 µmol) following the general 

procedure for oxime ligation (VI.3.5.). ESI+-

MS: m/z calcd. for [M+5H]5+: 1856.3 (average), 

found: 1855.8; calcd. for [M+6H]6+: 1547.1, 

found: 1546.8. tR = 6.75 min. (λ=214 nm, 0-40% 

solv.B in 15’). 
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Compound 92 

Compound 92 (11.5 mg) was 

obtained in 84% yield by reacting 

103 (8.5 mg, 1.8 µmol) and 90 (7.0 

mg, 35.9 µmol) following the 

general procedure for oxime ligation 

(VI.3.5.). MALDI-TOF: m/z calcd. for 

[M+H] +: 7599.5 (average), found: 

7598.8. tR = 6.60 min. (λ=214 nm, 0-

40% solv.B in 15’).   

 

   

 

Compound 93 

A stirred solution of commercial Boc-Ser(tBu)-OH (6.082 g, 23.274 mmol) and N-

hydroxysuccinimide (2.860 g, 25.290 mmol) in a AcOEt/dioxane (1:1) mixture (230 

mL) was cooled to 0°C. Solid DCC (5.168 g, 25.047 mmol) was added portion-wise, 

and the resulting suspension stirred at room temperature overnight. Reaction 

mixture was then filtrated through a Celite pad to remove insoluble 

dicyclohexylurea, the pad was washed with AcOEt (2 x 30 mL) and the collected filtrated was 

concentrated under reduced pressure. The obtained oily residue was taken into 300 mL AcOEt and 

washed with 5 % aqueous NaHCO3 (2 x 150 mL), water (2 x 150 mL) and brine (2 x 150 mL). The collected 

organic fraction was dried over MgSO4 and the solvent removed under vacuum, to give compound 93 

in 92% yield (7.674 mg). 1H-NMR (400 MHz, CDCl3) δ = 5.40 (1H, d, J = 9.0 Hz), 4.75 (1H, m), 3.89 (1H, 

m), 3.64 (1H, m), 2.80 (4H, s), 1.43 (9H, s), 1.18 (9H, s) ppm; 13C-NMR (100 MHz, CDCl3) δ = 168.59, 

166.96, 155.13, 80.43, 73.94, 61.81, 53.07, 28.34, 27.22, 25.64 ppm. ESI+-MS: m/z calcd. for [M+Na] + : 

381.2 (monoisotopic), found: 381.5. tR = 9.82 min. (λ=214 nm, 0-40% solv.B in 15’).  

 

 

Compound 94 

To a stirred solution of commercial Fmoc-Lys(Boc)-OH (27.453 g, 58.593 mmol) in 

dioxane (210 mL), aq. HCl (37%, 90 mL) was added. After 20 minutes stirring at room 

temperature the solvent mixture was evaporated to dryness, and the obtained crude 

was dissolved in a H2O/CH3CN (8:2) mixture and lyophilized to give compound 94 in 

95% yield (22.538 g) as white solid, in its hydrochloride form. 1H-NMR (400 MHz, 

DMSO-d6) δ = 7.89 (2H, d, J = 7.2 Hz), 7.79 (1H, bs), 7.72 (1H, m), 7.63 (1H, d, J = 7.2 

Hz), 7.42 (2H, t, J = 7.2 Hz), 7.33 (2H, m), 4.31 (2H, m), 4.24 (1H, m), 3.93 (1H, m), 2.75 (2H, m), 1.60 

(4H, m), 1.38 (2H, m) ppm; 13C-NMR (100 MHz, DMSO-d6) δ = 173.85, 156.20, 143.81, 143.79, 140.79, 

140.73, 127.65, 127.08, 127.07, 125.26, 120.14, 120.16, 65.58, 53.61, 46.66, 38.59, 30.17, 26.51, 22.57. 

ESI+-MS: m/z calcd. for [M+H] + : 369.2 (monoisotopic), found: 369.0. tR = 7.16 min. (λ=214 nm, 0-40% 

solv.B in 15’).  
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Compound 95 

To a stirred suspension of 94 (13.421 g, 33.147 mmol) in CH2Cl2 (190 mL) containing 

DIPEA (23.0 mL, 132.0 mmol), a solution of 93 (11.912 g, 33.238 mmol) in CH2Cl2 (110 

mL) was added drop-wise over 30 minutes. After 4 hours stirring at room 

temperature, the solvent mixture was concentrated under reduced pressure and the 

oily residue was taken in 500 mL AcOEt. The organic phase was washed with 10% aq. 

citric acid solution (100 mL), water (2 x 200 mL) and brine (2 x 200 mL). The organic 

fraction was dried over MgSO4 and the solvent removed under vacuum, to give crude 

93 as yellow syrup. The crude oil was dissolved in CH2Cl2 (30 mL), then a 

cyclohexane/Et2O mixture (95:5, 290 mL) was added to induce precipitation. The precipitate was 

filtrated, washed with cyclohexane (2 x 30 mL) and dried to give compound 93 (20.033 g) as a white 

solid, in 99% yield. 1H-NMR (400 MHz, DMSO-d6) δ = 12.55 (1H, s), 8.00 (1H, s), 7.88 (2H, d, J = 7.5 Hz), 

7.81 (1H, t, J = 5.0 Hz), 7.74 (2H, d, J = 7.4 Hz), 7.64 (1H, d, J = 7.9 Hz), 7.42 (2H, t, J = 7.3 Hz), 7.34 (2H, 

t, J = 7.4 Hz), 6.48 (1H, d, J = 8.4 Hz), 4.27 (3H, m), 3.98 (1H, m), 3.91 (1H, m), 3.42 (2H, m), 3.10 (1H, 

m), 3.01 (1H, m), 1.69 (1H, m), 1.61 (1H, m), 1.37 (12H, m), 1.09 (9H, s) ppm; 13C-NMR (100 MHz, DMSO-

d6) δ = 174.03, 169.16, 156.16, 155.05, 143.80, 140.73, 127.64, 127.07, 125.30, 120.12, 78.13, 72.63, 

65.60, 62.03, 54.97, 53.77, 46.66, 30.38, 28.14, 27.20, 25.23, 22.94 ppm. HRMS (ESI+-TOF): m/z calcd. 

for [M+Na]+: 634.3104 (monoisotopic), found: 634.3109. tR = 10.27 min. (λ=214 nm, 5-100% solv.B in 

15’). 

 

 

 

 

 

Compound 97 

Peptide sequence 96 was synthesized manually in a 

polypropylene reactor, following the general procedure for SPPS 

(VI.3.1.) on 1.855 g of  Fmoc-Gly-SASRIN™ support (measured 

loading = 0.572 mmol·g-1). Clivage from the resin was performed 

following the reported general procedure (VI.3.2.). Mass 

spectrometry analysis revealed the presence of the expected 

mass for sequence 96. HRMS (ESI+-TOF): m/z calcd. for 

C99H176N19O29 [M(96)+H]+: 2095.2881 (monoisotopic), found: 

2095.2932. Linear peptide 96 was dissolved in a CH2Cl2/DMF 

(1:1, 2.2 L) mixture, in the presence of DIPEA (280 µL, 1.607 

mmol) and PyBOP® (662 mg, 1.272 mmol). Compound 97 (1.256 

g) was obtained in 57% overall yield, following the general 

procedure for peptide cyclization (VI.3.3.). HRMS (ESI+-TOF): 

m/z calcd. for [M+Na]+: 2099.2595 (monoisotopic), found: 2099.2678. tR = 11.01 min. (λ=214 nm, 5-

100% solv.B in 15’). 
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Compound 98 

To a solution of compound 97 (373.9 mg, 180.0 µmol) in dry CH2Cl2 

(100 mL), Pd(PPh3)4 (4.2 mg, 3.6 µmol, 2% mol) and PhSiH3 (560 µL, 

4.538 mmol) were added. The reaction mixture was stirred for 30 

minutes at room temperature, MeOH (20 mL) was added and the 

mixture stirred until CO2 bubbling ceased. The solvent mixture was 

removed and the residue taken into CH2Cl2 (10 mL); this solution was 

added drop-wise to ice-cold diethyl ether (200 mL) causing the 

precipitation of the Alloc-deprotected intermediate, which was filtrated and dried under vacuum. The 

presence of the expected intermediate was confirmed by mass spectrometry. HRMS (ESI+-TOF): m/z 

calcd. for C95H170N19O26 [M(97-Alloc)+H]+: 1993.2564 (monoisotopic), found: 1993.2654. The crude 

intermediate was epmoyed for the next deprotection without any further purification; it was treated 

with a TFA/TIS/H2O (96:2:2, 12 mL) cocktail for 3 hours at room temperature, then the solvent mixture 

was added drop-wise to ice-cold diethyl ether (200 mL). The resulting precipitate was filtrated and 

purified via RP-HPLC and lyophilized. Compound 97 (194.6 mg) was obtained in 79% yield over two 

steps. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1368.7963 (monoisotopic), found: 1368.7964; calcd. for 

[M+Na]+: 1390.7783, found: 1390.7783. tR = 4.28 min. (λ=214 nm, 0-20% solv.B in 15’). 

 

 

 

 

 

Compound 99 

To a solution of compound 97 (754.5 mg, 363.2 µmol) in dry CH2Cl2 

(250 mL), Pd(PPh3)4 (8.4 mg, 7.3 µmol, 2% mol) and PhSiH3 (1120 µL, 

9.077 mmol) were added. The reaction mixture was stirred for 30 

minutes at room temperature, MeOH (30 mL) was added and the 

mixture stirred until CO2 bubbling ceased. The solvent mixture was 

removed and the residue taken into CH2Cl2 (15 mL); this solution 

was added drop-wise to ice-cold diethyl ether (300 mL) causing the 

precipitation of the Alloc-deprotected intermediate, which was 

filtrated, dried and used for the next step without any further 

purification. The crude intermediate was dissolved in DMF (100 mL), then DIPEA (95 µL, 545.2 µmol) 

and Boc-aminooxyacetic acid N-hydroxysuccinimide ester346 (125.6 mg, 435.7 µmol) were added. After 

20 minutes stirring at room temperature, reaction mixture was concentrated under reduced pressure, 

purified via RP-HPLC and lyophilized. Compound 99 (566.6 mg) was obtained in 72% yield over two 

steps. HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 2188.3072 (monoisotopic), found: 2188.3142. tR = 

10.97 min. (λ=214 nm, 5-100% solv.B in 15’). 
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Compound 102 

Compound 102S was obtained by reacting 89 

(12.2 mg, 9.8 µmol) with 64 (84.8 mg, 58.8 

µmol) in 0.1% aq. TFA (5.0 mL) following the 

general procedure for oxime ligation (VI.3.5.). 

. ESI+-MS: m/z calcd. for [M+3H]3+: 2314.6, 

found:  MALDI-TOF: m/z calcd. for 

C299H511N95O94 [M(102S)+H]+: 6940.8 (average), 

found: 6939.4. tR = 7.74 min. (λ=214 nm, 0-40% 

solv.B in 15’). The obtained amount of 102S 

(59.8 mg, 88%) was dissolved in H20 (3.0 mL) 

and treated with NaIO4 (295.1 mg, 160 eq.) 

according to the general procedure for 

oxidative cleavage (VI.3.4.). Compound 102 

(45.5 mg) was obtained in 72% yield over two 

steps. ESI+-MS: m/z calcd. for [M+3H]3+: 2148.3 

(average), found: 2148.7; calcd. for [M+4H]4+: 

1611.5, found: 1611.9; calcd. for [M+5H]5+: 1289.4, found: 1289.4. tR = 8.84 min. (λ=214 nm, 0-40% 

solv.B in 15’). 

 

 

 

 

 

Compound 103 

Compound 103S was obtained by reacting 

89 (11.0 mg, 8.8 µmol) with 88 (54.0 mg, 

52.8 µmol) in 0.1% aq. TFA (5.0 mL) 

following the general procedure for oxime 

ligation (VI.3.5.). MALDI-TOF: m/z calcd. 

for C219H394N75O74 [M(103S)+H] +: 5261.9 

(average), found: 5258.4. tR = 6.25 min. 

(λ=214 nm, 0-40% solv.B in 15’). The 

obtained amount of 103S (42.6 mg, 92%) 

was dissolved in H20 (3.0 mL) and treated 

with NaIO4 (277.1 mg, 160 eq.) according 

to the general procedure for oxidative 

cleavage (VI.3.4.). Compound 103 (32.7 

mg) was obtained in 78% yield over two steps. ESI+-MS: m/z calcd. for [M+2H]2+: 2382.6 (most intense 

peak of isotopic cluster), found: 2382.5; calcd. for [M+3H]3+: 1588.8, found: 1589.1; calcd. for [M+4H]4+: 

1191.8, found: 1191.7. tR = 6.75 min. (λ=214 nm, 0-40% solv.B in 15’). 
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Compound 111 

Compound 111 (18.4 mg) was obtained in 84% 

yield by reacting 102 (14.2 mg, 2.2 µmol) and 

63 (10.4 mg, 44.0 µmol, 20 eq.) following the 

general procedure for oxime ligation (VI.3.5.). 

ESI+-MS: m/z calcd. for [M+ 6H]6+: 1656.4 (most 

intense peak of isotopic cluster), found: 

1656.2; calcd. for [M+ 5H]5+: 1987.5, found: 

1987.3; calcd. for [M+ 4H]4+: 2484.2, found: 

2484.9. tR = 8.78 min. (λ=214 nm, 0-40% solv.B 

in 15’). 

 

 

 

 

 

Compound 112 

To a solution of 115 (230.7 mg, 598.6 µmol) in dry MeOH (10 mL), a 25% w/w 

solution of NaOMe in MeOH (63 µL, 275.5 µmol) was added, and the reaction stirred 

at room temperature. After 4 hours, the reaction mixture was neutralized by adding 

Dowex® 50W-X8 (H+), filtered and concentrated to dryness to give 112 (149.0 mg) 

in 96% yield, as a white solid. 1H-NMR (400 MHz, D2O) δ = 5.12 (1H, d, J = 4.0 Hz, H-

1), 4.38 (2H, m, -OCH2), 4.27 (1H, dd, J = 12.0, 3.8 Hz, H-2), 4.04 (2H, m, H-4, H-5), 3.95 (1H, dd, J = 12.0, 

4.0 Hz, H-3), 3.81 (2H, m, H-6a,b), 2.94 (1H, bs, -C≡CH), 2.10 (3H, s, NHAc) ppm; 13C-NMR (100 MHz, D2O) 

δ = 147.71 (C=O), 96.12 (C-1), 77.05 (-C≡CH), 75.72 (-C≡CH), 74.12 (C-4 or C-5), 71.42 (C-4 or C-5), 68.51 

(C-3), 61.17 (C-6), 55.15 (OCH2), 49.60 (C-2), 21.94 (CH3) ppm. Rf = 0.39 (CH2Cl2 : MeOH, 4:1). [α]D
2.5 = -

38 (c, 1.0 in H2O). HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 282.0954, (monoisotopic), found: 

282.0956.  

 

 

 

 

 

Compound 113 

Compound 113 (61.1 mg) was obtained in 95% yield from 116 (95.6 mg, 248.1 

µmol), by following the same methodology described for 112. 1H-NMR (400 MHz, 

D2O) δ = 4.89 (1H, d, J = 8.0 Hz, H-1), 4.40 (2H, m, -OCH2), 4.27 (1H, dd, J = 12.0, 

3.8 Hz, H-2), 3.94 (2H, m, H-4, H-5), 3.90 (1H, dd, J = 12.0, 4.0 Hz, H-3), 3.75 (2H, 

m, H-6a,b), 2.95 (1H, bs, -C≡CH), 2.15 (3H, s, NHAc) ppm; 13C-NMR (100 MHz, D2O) δ = 148.33 (C=O), 

98.10 (C-1), 77.62 (-C≡CH), 76.27 (-C≡CH), 75.24 (C-4 or C-5), 70.78 (C-4 or C-5), 69.05 (C-3), 61.01 (C-

6), 55.46 (OCH2), 49.88 (C-2), 22.13 (CH3) ppm. Rf = 0.35 (CH2Cl2 : MeOH, 4:1). [α]D
2.5 = -98 (c, 1.0 in 

H2O). HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 282.0954, (monoisotopic), found: 282.0962.  
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Compounds 115 and 116 

To a stirred solution of 3,4,6-tri-O-acetyl-2-azido-2-deoxy-

D-galactopyranosyl fluoride219 (575.2 mg, 1.726 mmol) in 

CH2Cl2 (10 mL) at 0°C, propargyl alcohol (402 µL, 6.712 

mmol) and BF3·Et2O (426 µL, 3.452 mmol) were slowly 

added. After 2 hours stirring at room temperature, the 

reaction mixture was poured into water (25 mL) and 

extracted with CH2Cl2 (3 x 25 mL). Combined organic 

fractions were washed with 10% aq. NaHCO3 (2 x 25 mL), 

dried over MgSO4 and the obtained organic solution 

concentrated under reduced pressure. The crude was 

purified by flash chromatography (Et2O : cyclohexane, 1:1) 

to afford 114 (537.7 mg) in 90% yield as a mixture of anomers (α/β, 3:2). To a solution of 114 (525.8 

mg, 1.424 mmol) in CH2Cl2 (5 mL), triphenylphosphine (466.9 mg, 1.780 mmol) and acetic anhydride 

(407 µL, 4.272 mmol) were added. After 16 hours stirring at room temperature reaction mixture was 

poured into water (25 mL) and extracted with CH2Cl2 (4 x 25 mL). Combined organic fractions were 

washed with 10% aq. NaHCO3 (2 x 25 mL), dried over MgSO4 and the obtained organic solution 

concentrated under reduced pressure. The crude was purified by flash chromatography (AcOEt : 

CH2Cl2, 4:1) to afford 115 (246.9 mg, 45%) and 116 (192.1 mg, 36%) as white solids. 115: 1H-NMR (100 

MHz, CDCl3) δ = 5.60 (1H, d, J = 9.8 Hz, NHAc), 5.38 (1H, app dd, J = 1.2, 4.0 Hz, H-4), 5.17 (1H, dd, J = 

12.0, 4.0 Hz, H-3), 5.06 (1H, d, J = 4.0 Hz, H-1), 4.62 (1H, ddd, J = 12.0, 9.8, 4.0 Hz, H-2), 4.26 (2H, dd, J 

= 5.4, 2.4 Hz, OCH2), 4.19 (1H, m, H-5), 4.10 (2H, dd, J = 6.4, 1.8 Hz, H-6a,b), 2.47 (1H, t, J = 2.4 Hz, –

C≡CH), 2.16 (3H, s, OAc), 2.04 (3H, s, OAc), 1.99 (3H, s, OAc), 1.97 (3H, s, OAc) ppm; 13C-NMR (100 MHz, 

CDCl3) δ = 171.02–170.21 (C=O), 96.82 (C-1), 78.40 (-C≡CH), 75.50 (-C≡CH), 68.37 (C-3), 67.40 (C-4), 

67.44 (C-5), 61.85 (C-6), 55.41 (OCH2), 47.7 (C-2), 23.41 (CH3), 20.94 (CH3), 20.83 (CH3) ppm. Rf = 0.39 

(AcOEt : CH2Cl, 4:1). [α]D
2.5 = -21 (c, 1.0 in CHCl3). HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 408.1270, 

(monoisotopic), found: 408.1264. 115: 1H-NMR (400 MHz, CDCl3) δ = 5.58 (1H, d, J = 8.8 Hz, NHAc), 

5.36 (1H, br d, J = 3.4 Hz, H-4), 5.32 (1H, dd, J = 11.0, 3.4 Hz, H-3), 4.88 (1H, d, J = 8.0 Hz, H-1), 4.38 (2H, 

br d, J = 2.4 Hz, OCH2), 4.14 (2H, m, H-6a,b), 4.03 (1H, td, J = 11.0, 8.0 Hz, H-2), 3.94 (1H, t, J = 6.6 Hz, H-

4), 2.46 (1H, t, J = 2.4 Hz,–C≡CH), 2.14 (3H, s, OAc), 2.04 (3H, s, OAc), 1.99 (3H, s, OAc), 1.96 (3H, s, OAc) 

ppm; 13C-NMR (100 MHz, CDCl3) δ = δ 170.63–170.39 (C=O), 98.75 (C-1), 78.71 (-C≡CH), 75.39 (-C≡CH), 

70.94 (C-3), 70.04 (C-4), 66.83 (C-5), 61.54 (C-6), 56.03 (OCH2), 52.29 (C-2), 23.61 (CH3), 20.85 (CH3), 

20.83 (CH3) ppm. Rf = 0.36 (AcOEt : CH2Cl, 4:1). [α]D
2.5 = +83 (c, 1.0 in CHCl3). HRMS (ESI+-TOF): m/z 

calcd. for [M+Na]+: 408.1270, (monoisotopic), found: 408.1258.      
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Compound 117 

To a stirred solution of 94 (9.763 g, 20.134 mmol) in a MeOH/H2O (2:1, 300 mL), 

CuSO4·5H2O (50.3 mg, 201.5 µmol, 1% mol), K2CO3 (5.844 g, 42.283 mmol) and 118 

(5.064 g, 24.159 mmol) were added. The reaction was stirred at room temperature for 

5 hours, and then the solvent mixture was concentrated under reduced pressure to 

remove MeOH. The resulting crude mixture was acidified with aq. HCl (2N) until pH ≈ 2 

and extracted with AcOEt (3 x 200 mL). Combined organic fractions were washed with 

water (2 x 200 mL), brine (2 x 200 mL), dried over MgSO4, filtrated and concentrated under vacuum to 

give 117 (7.544 g) as yellow syrup in 95% yield. 1H-NMR (400 MHz, DMSO-d6) δ = 8.95 (1H, s), 7.89 (2H, 

d, J = 7.4 Hz), 7.73 (1H, d, J = 7.4 Hz), 7.65 (1H, d, J = 7.4 Hz), 7.42 (4H, m), 4.29 (2H, m), 4.23 (1H, m), 

3.95 (1H, m), 3.32 (2H, t, J = 6.8 Hz), 1.72 (1H, m), 1.61 (1H, m), 1.50 (2H, m), 1.37 (2H, m) ppm; 13C-

NMR (100 MHz, DMSO-d6) δ = 174.35, 156.63, 144.37, 144.28, 141.30, 141,28, 128.15, 127.60, 125.77, 

125.74, 120.59, 120.56, 66.05, 54.13, 51.02, 47.18, 30.77, 28.29, 23.40 ppm. HRMS (ESI+-TOF): m/z 

calcd. for [M+Na]+: 1368.7963 (monoisotopic), found: 1368.7964; calcd. for [M+Na]+: 417.1539, found: 

417.1540. tR = 7.85 min. (λ=214 nm, 5-100% solv.B in 15’). 

 

 

Compound 118 

Sulfuryl chloride (97%, 16.3 mL, 0.195 mmol) was added drop-wise to an ice-cooled 

suspension of NaN3 (12.677 g, 0.195 mmol) in CH3CN (200 mL) and the mixture was 

stirred overnight at room temperature. Imidazole (25.4904 g, 0.3705 mmol) was added 

portion-wise, and the mixture stirred at room temperature for 3 hours. The reaction 

mixture was diluted with AcOEt (400 mL), washed with water (2 x 200 mL), saturated aq. NaHCO3 (2 x 

400 mL) and the organic phase dried over MgSO4 and filtered. The resulting solution was cooled to 0°C 

and a solution of HCl in EtOH [prepared by adding 22.65 mL of acetyl chloride (318.5 mmol) on ice-cold 

EtOH (75 mL)] was added drop-wise upon vigorous stirring to obtain a hydrochloride salt of 118. The 

obtained solid was filtered and washed with AcOEt (3 x 100 mL) to give 118 (31.882 g) as colorless 

needles in 78% yield. ESI+-MS: m/z calcd. for [M+H]+: 174.0 (monoisotopic), found: 174.2. 

Characterization data were in agreement with literature.362     

 

 

Compound 120 

Peptide sequence 119 was synthesized manually in a polypropylene reactor, 

following the general procedure for SPPS (VI.3.1.) on 2.425 g of  Fmoc-Gly-

SASRIN™ support (measured loading = 0.537 mmol·g-1). Clivage from the 

resin was performed following the reported general procedure (VI.3.2.). 

Mass spectrometry analysis revealed the presence of the expected mass for 

sequence 119. HRMS (ESI+-TOF): m/z calcd. for C52H88N23O13 [M(119)+H]+: 

1242.6932 (monoisotopic), found: 1242.6943. Linear peptide 119 was 

dissolved in a CH2Cl2/DMF (1:1, 3.0 L) mixture, in the presence of DIPEA (454 

µL, 2.605 mmol) and PyBOP® (813 mg, 1.563 mmol). Cyclization was 

performed following the general procedure (VI.3.3.), the obtained solid 

crude was dissolved in a 50% TFA solution in CH2Cl2 (25 mL) and stirred at 
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room temperature for 30 minutes. Solvent mixture was removed under reduced pressure and the 

reaction crude purified via RP-HPLC and lyophilized. Compound 120 (717.4 mg) was obtained in 49% 

overall yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1124.6302 (monoisotopic), found: 1124.6284. tR 

= 7.97 min. (λ=214 nm, 5-100% solv.B in 15’).       

 

 

 

 

 

Compound 121 

To a stirred solution of 120 (115.6 mg, 102.8 µmol) in DMF (15 mL), DIPEA 

(27 µL, 154.9 µmol) and Boc-aminooxyacetic acid N-hydroxysuccinimide 

ester346 (35.6 mg, 123.5 µmol) were added and the reaction stirred at room 

temperature for 20 minutes. The reaction was neutralized by adding a 0.1% 

TFA/CH3CN solution and the solvent mixture concentrated under reduced 

pressure. The crude mixture was dissolved in a TFA/NH2OH/CH2Cl2 (50:2:48, 

5.0 mL) cocktail and stirred for 30 minutes at room temperature. The solvent 

mixture was removed under vacuum and the obtained residue purified 

through RP-HPLC and lyophilized. Compound 121 (112.0 mg) was obtained in 91% yield over two steps. 

HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 1219.6285 (monoisotopic), found: 1219.6302. tR = 6.93 min. 

(λ=214 nm, 5-100% solv.B in 15’). 

  

  

 

 

 

Compound 122 

To a solution of 120 (5.6 mg, 5.0 µmol) and 112 (7.8 mg, 30.1 µmol) 

in DMF (600 µL), a solution of THPTA (43.5 mg, 100.1 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium ascorbate (31.7 mg, 160.0 

µmol) in aq. PBS (pH 7.4, 10 mM, 1200 µL) were added. Compound 

122 (9.1 mg) was obtained in 84% yield, following the general 

procedure for CuAAC (VI.3.6.). HRMS (ESI+-TOF): m/z calcd. for 

[M+H]+: 2161.0525 (monoisotopic), found: 2161.0474. tR = 10.52 min. 

(λ=214 nm, 5-80% solv.B in 20’). 
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Compound 123 

To a solution of 120 (4.7 mg, 4.2 µmol) and 112 (6.5 mg, 25.1 µmol) 

in DMF (600 µL), a solution of THPTA (36.5 mg, 84.0 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium ascorbate (26.6 mg, 134.3 

µmol) in aq. PBS (pH 7.4, 10 mM, 1200 µL) were added. Compound 

122 (9.1 mg) was obtained in 84% yield, following the general 

procedure for CuAAC (VI.3.6.). HRMS (ESI+-TOF): m/z calcd. for 

[M+H]+: 2161.0525 (monoisotopic), found: 2161.0471. tR = 10.45 min. 

(λ=214 nm, 5-80% solv.B in 20’). 

 

 

 

 

 

 

Compound 124 

To a solution of 122 (13.4 mg, 6.2 µmol) in DMF (2 mL), DIPEA (1.5 µL, 

8.6 µmol) and Boc-aminooxyacetic acid N-hydroxysuccinimide 

ester346 (2.2 mg, 7.6 µmol) were added and the reaction stirred at 

room temperature for 20 minutes. The reaction was neutralized by 

adding a 0.1% TFA/CH3CN solution and the solvent mixture 

concentrated under reduced pressure. The crude mixture was 

dissolved in a TFA/NH2OH/CH2Cl2 (50:2:48, 2.0 mL) cocktail and 

stirred for 30 minutes at room temperature. The solvent mixture was 

removed under vacuum and the obtained residue purified through 

RP-HPLC and lyophilized. Compound 124 (112.0 mg) was obtained in 

77% yield over two steps. HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 

2356.1033 (monoisotopic), found: 2356.0977. tR = 10.39 min. (λ=214 

nm, 5-100% solv.B in 15’).  

 

   

 

Compound 125 

Compound 125 (35.0 mg) was obtained in 85% 

yield by reacting 89 (8.6 mg, 6.9 µmol) and 121 

(49.5 mg, 41.3 µmol) in a H20/CH3CN mixture 

(1:1, 2.0 mL) containing 0.1% TFA, following the 

general procedure for oxime ligation (VI.3.5.). 

MALDI-TOF: m/z calcd. for [M+H]+: 5962.6 

(average), found: 5962.7. tR = 10.29 min. (λ=214 

nm, 5-100% solv.B in 15’). 
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Compound 126 

To a solution of 125 (5.2 mg, 0.9 µmol) and 

112 (4.7 mg, 18.1 µmol) in DMF (600 µL), a 

solution of THPTA (31.3 mg, 72.0 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium 

ascorbate (17.8 mg, 89.8 µmol) in aq. PBS (pH 

7.4, 10 mM, 1200 µL) were added. Compound 

126 (6.4 mg) was obtained in 70% yield, 

following the general procedure for CuAAC 

(VI.3.6.). MALDI-TOF: m/z calcd. for [M+H]+: 

10110.6 (average), found: 10106.1. tR = 11.89 min. (λ=214 nm, 5-100% solv.B in 25’). 

Alternatively, compound 126 (7.3 mg, 90%) has been synthesized through a convergent procedure by 

reacting 89 (1.0 mg, 0.8 µmol) with 124 (10.7 mg, 4.8 µmol) in a 0.1% TFA/H2O solution (800 µL) 

following the general procedure for oxime ligation (VI.3.5.).  

 

 

Compound 127 

To a solution of 125 (4.8 mg, 0.8 µmol) and 

113 (4.2 mg, 16.2 µmol) in DMF (600 µL), a 

solution of THPTA (27.8 mg, 64.0 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium 

ascorbate (15.8 mg, 79.8 µmol) in aq. PBS (pH 

7.4, 10 mM, 1200 µL) were added. Compound 

126 (6.4 mg) was obtained in 70% yield, 

following the general procedure for CuAAC 

(VI.3.6.). MALDI-TOF: m/z calcd. for [M+H]+: 

10110.6 (average), found: 10110.6. tR = 11.47 min. (λ=214 nm, 5-100% solv.B in 25’). 

 

 

Compound 128 

To a solution of 120 (34.4 mg, 30.6 µmol) and 144 (40.1 mg, 183.8 

µmol) in DMF (2 mL), a solution of THPTA (266.0 mg, 612.2 µmol), 

CuSO4·5H2O (0.3 mg, 1.2 µmol) and sodium ascorbate (170.2 mg, 

859.1 µmol) in aq. PBS (pH 7.4, 10 mM, 4 mL) were added. 

Compound 128 (51.9 mg) was obtained in 85% yield, following 

the general procedure for CuAAC (VI.3.6.). HRMS (ESI+-TOF): m/z 

calcd. for [M+H]+: 1996.9463 (monoisotopic), found: 1996.9457. 

tR = 6.79 min. (λ=214 nm, 0-30% solv.B in 15’). 
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Compound 129 

To a solution of 138 (5.8 mg, 3.8 µmol) and 144 (7.5 mg, 

34.4 µmol) in DMF (600 µL), a solution of THPTA (49.5 

mg, 113.9 µmol), CuSO4·5H2O (0.1 mg, 0.4 µmol) and 

sodium ascorbate (31.6 mg, 159.5 µmol) in aq. PBS (pH 

7.4, 10 mM, 1200 µL) were added. Compound 129 (10.2 

mg) was obtained in 85% yield, following the general 

procedure for CuAAC (VI.3.6.). MALDI-TOF: m/z calcd. 

for [M+Na]+: 3191.4 (average), found: 3191.4. tR = 7.37 

min. (λ=214 nm, 0-30% solv.B in 15’). 

 

 

 

 

 

 

 

 

Compound 130 

To a solution of 142 (45.1 mg, 55.1 µmol) and 144 (72.1 mg, 

330.4 µmol) in DMF (2 mL), a solution of THPTA (478.8 mg, 

1.102 mmol), CuSO4·5H2O (0.3 mg, 1.2 µmol) and sodium 

ascorbate (305.6 mg, 1.543 mmol) in aq. PBS (pH 7.4, 10 

mM, 4 mL) were added. Compound 130 (66.2 mg) was 

obtained in 71% yield, following the general procedure for 

CuAAC (VI.3.6.). HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 

1692.7753 (monoisotopic), found: 1692.7739. tR = 5.34 min. 

(λ=214 nm, 0-30% solv.B in 15’). 
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Compound 131 

To a solution of 143 (9.0 mg, 8.8 µmol) and 145 

(19.7 mg, 79.0 µmol) in DMF (600 µL), a solution 

of THPTA (114.7 mg, 264.0 µmol), CuSO4·5H2O 

(0.1 mg, 0.4 µmol) and sodium ascorbate (73.2 

mg, 369.5 µmol) in aq. PBS (pH 7.4, 10 mM, 1200 

µL) were added. Compound 131 (16.8 mg) was 

obtained in 76% yield, following the general 

procedure for CuAAC (VI.3.6.). HRMS (ESI+-TOF): 

m/z calcd. for [M+H]+: 2513.7903 (monoisotopic), 

found: 2513.7844. tR = 11.75 min. (λ=214 nm, 0-

40% solv.B in 15’). 31P-NMR (162 MHz, D2O) δ = 

10.16 ppm. 

 

 

 

 

 

 

 

 

 

 

 

Compound 132 

Compound 132 (13.1 mg) was obtained in 84% yield by 

reacting 139 (1.8 mg, 1.1 µmol) and 146 (20.0 mg, 9.7 

µmol) in a 0.1% TFA/H2O solution (1.0 mL), following the 

general procedure for oxime ligation (VI.3.5.). MALDI-

TOF: m/z calcd. for [M+Na]+: 14032.5 (average), found: 

14030.8. tR = 8.38 min. (λ=214 nm, 0-40% solv.B in 15’). 
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Compound 133 

Compound 133 (12.5 mg) was obtained in 77% yield by 

reacting 139 (2.2 mg, 1.3 µmol) and 147 (20.5 mg, 11.6 

µmol) in a 0.1% TFA/H2O solution (1.0 mL), following 

the general procedure for oxime ligation (VI.3.5.). 

MALDI-TOF: m/z calcd. for [M+H]+: 12179.3 (average), 

found: 12183.0. tR = 7.10 min. (λ=214 nm, 0-40% solv.B 

in 15’).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound 134 

To a solution of 143 (1.3 mg, 1.3 µmol) 

and 148 (24.4 mg, 11.7 µmol) in DMF (600 

µL), a solution of THPTA (16.9 mg, 38.9 

µmol), CuSO4·5H2O (0.1 mg, 0.4 µmol) and 

sodium ascorbate (10.8 mg, 54.5 µmol) in 

aq. PBS (pH 7.4, 10 mM, 1200 µL) were 

added. Compound 134 (12.6 mg) was 

obtained in 72% yield, following the 

general procedure for CuAAC (VI.3.6.). 

MALDI-TOF: m/z calcd. for [M+H]+: 

13498.9 (average), found: 13497.8. tR = 

10.51 min. (λ=214 nm, 0-40% solv.B in 15’). 31P-NMR (162 MHz, D2O) δ = 10.22 ppm.  
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Compound 135 

To a solution of 143 (0.7 mg, 0.7 

µmol) and 149 (11.2 mg, 6.3 

µmol) in DMF (500 µL), a solution 

of THPTA (9.1 mg, 20.9 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) 

and sodium ascorbate (5.8 mg, 

29.3 µmol) in aq. PBS (pH 7.4, 10 

mM, 1000 µL) were added. 

Compound 135 (5.8 mg) was 

obtained in 71% yield, following 

the general procedure for CuAAC 

(VI.3.6.). MALDI-TOF: m/z calcd. for [M+H]+: 11666.9 (average), found: 11665.9. tR = 9.12 min. (λ=214 

nm, 0-40% solv.B in 15’). 31P-NMR (162 MHz, D2O) δ = 10.20 ppm. 

 

 

Compound 137 

Peptide sequence 136 was synthesized manually in a 

polypropylene reactor, following the general procedure for SPPS 

(VI.3.1.) on 1.127 g of  Fmoc-Gly-SASRIN™ support (measured 

loading = 0.544 mmol·g-1). Clivage from the resin was performed 

following the reported general procedure (VI.3.2.). Linear peptide 

136 was dissolved in a CH2Cl2/DMF (1:1, 1.2 L) mixture, in the 

presence of DIPEA (214 µL, 1.228 mmol) and PyBOP® (383 mg, 

0.736 mmol). Cyclization was performed following the general 

procedure (VI.3.3.), the obtained solid crude was dissolved in a 

50% TFA solution in CH2Cl2 (25 mL) and stirred at room 

temperature for 30 minutes. Solvent mixture was removed under reduced pressure and the reaction 

crude purified via RP-HPLC and lyophilized. Compound 137 (409.0 mg) was obtained in 49% overall 

yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1361.8745 (monoisotopic), found: 1361.8750. tR = 5.25 

min. (λ=214 nm, 0-30% solv.B in 15’). 

   

 

Compound 138 

To a solution of 137 (13.6 mg, 10.0 µmol) in DMF (2 mL), DIPEA 

(12.5 µL, 71.7 µl) and 2,5-dioxopyrrolidin-1-yl-2-azidoacetate374 

(20.0 mg, 101.0 µmol) were added and the solution stirred at 

room temperature for 30 minutes. The crude mixture was 

purified through RP-HPLC and lyophilized, to afford compound 

138 (15.8 mg) in 85% yield. HRMS (ESI+-TOF): m/z calcd. for 

[M+H]+: 1859.9463 (monoisotopic), found: 1859.9496. tR = 6.79 

min. (λ=214 nm, 5-80% solv.B in 15’). 
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Compound 139 

To a stirred solution of 137 (70.0 mg, 51.4 µmol) in DMF 

(10 mL), DIPEA (100 µL, 574 µmol) and Boc-Ser(tBu)-OH 

(104.8 mg, 401 µmol) were added and the reaction 

stirred at room temperature for 1 hour. Solvent mixture 

was concentrated under reduced pressure and the 

resulting crude was treated with a TFA/TIS/H2O cocktail 

(96:2:2, 5.0 mL) for 3 hours at room temperature. The 

reaction mixture was added to ice-cold diethyl ether 

(150 mL) to induce precipitation. The obtained white 

solid was filtered and purified via RP-HPLC and 

lyophilized to give intermediate 139S (68.0 mg) in 70% 

yield. HRMS (ESI+-TOF): m/z calcd. for [M(139S)+H]+: 

1884.0668 (monoisotopic), found: 1884.0657. tR = 6.08 

min. (λ=214 nm, 5-80% solv.B in 15’). Compound 139 

(12.8 mg) was obtained in 80% yield by reacting 

intermediate 139S (17.6 mg, 9.3 µmol) with sodium periodate (120.2 mg, 562.0 µmol) following the 

general procedure for oxidative cleavage (VI.3.4.). HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 

1719.7954 (monoisotopic), found: 1719.7942. tR = 6.65 min. (λ=214 nm, 0-30% solv.B in 15’).   

         

 

Compound 142 

Peptide sequence 140 was synthesized manually in a polypropylene 

reactor, following the general procedure for SPPS (VI.3.1.) on 1.665 

g of Rink amide® support (measured loading = 0.515 mmol·g-1). 2,5-

dioxopyrrolidin-1-yl-2-azidoacetate374 (933.9 mg, 4.713 mmol) and 

DIPEA (463 µL, 2.657 mmol) were added to the reactor and the 

reaction stirred for 1 hour at room temperature to give modified 

sequence 141. The resin was cleaved following the reported general 

procedure (VI.3.2.). The resulting crude was purified through RP-

HPLC and lyophilized, to give compound 143 (456.2 mg) in 65% 

overall yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 819.4563 

(monoisotopic), found: 819.4587. tR = 6.96 min. (λ=214 nm, 5-80% 

solv.B in 15’).     

 

 

 

 

 

 

 

Compound 143 
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Compound 143 was synthesized according to the published 

procedure: Abbassi, L., Chabre, Y. M., Kottari, N., Arnold, A. A., 

Andre, S., Josserand, J., Gabius, H.-J., and Roy, R. (2015) 

Multifaceted glycodendrimers with programmable bioactivity 

through convergent, divergent, and accelerated approaches 

using polyfunctional cyclotriphosphazenes. Polym. Chem. 6, 

7666–7683. Characterization data were in accordance with the 

previous report. 

 

 

 

 

 

 

 

Compound 144 

Compound 144 was synthesized according to the published procedure: Percec, V., 

Leowanawat, P., Sun, H.-J., Kulikov, O., Nusbaum, C. D., Tran, T. M., Bertin, A., 

Wilson, D. A., Peterca, M., Zhang, S., Kamat, N. P., Vargo, K., Moock, D., Johnston, E. 

D., Hammer, D. A., Pochan, D. J., Chen, Y., Chabre, Y. M., Shiao, T. C., Bergeron-Brlek, 

M., André, S., Roy, R., Gabius, H.-J., and Heiney, P. A. (2013) Modular Synthesis of Amphiphilic Janus 

Glycodendrimers and Their Self-Assembly into Glycodendrimersomes and Other Complex 

Architectures with Bioactivity to Biomedically Relevant Lectins. J. Am. Chem. Soc. 135, 9055–9077. 

Characterization data were in accordance with the previous report. 

 

 

 

 

 

Compound 145 

Compound 145 was synthesized according to the published procedure: Dowlut, 

M., Hall, D. G., and Hindsgaul, O. (2005) Investigation of Nonspecific Effects of 

Different Dyes in the Screening of Labeled Carbohydrates against Immobilized 

Proteins. J. Org. Chem. 70, 9809–9813. Characterization data were in accordance 

with the previous report. 
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Compound 146 

To a stirred solution of 128 (40.1 mg, 20.1 µmol) in DMF (3 mL), 

DIPEA (4.2 µL, 24.3 µmol) and Boc-aminooxyacetic acid N-

hydroxysuccinimide ester346 (7.0 mg, 24.3 µmol) were added, and 

the reaction stirred at room temperature for 20 minutes. The 

solvent mixture was concentrated under reduced pressure and 

the resulting crude was treated with a TFA/NH2OH/CH2Cl2 

cocktail (50:2:48, 3.0 mL) for 30 minutes at room temperature. 

The mixture was concentrated and added drop-wise to ice-cold 

diethyl ether to induce the precipitation of the product. The 

obtained white solid was filtered, purified through RP-HPLC and 

lyophilized to give compound 146 (34.1 mg) in 82% yield over two 

steps. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 2069.9627 

(monoisotopic), found: 2069.9606. tR = 7.10 min. (λ=214 nm, 0-

30% solv.B in 15’).      

 

 

 

 

 

Compound 147 

Compound 147 (31.5 mg) was obtained in 80% yield 

over two steps by reacting 130 (37.8 mg, 22.3 µmol) 

with Boc-aminooxyacetic acid N-hydroxysuccinimide 

ester346 (7.8 mg, 27.1 µmol), following the same 

procedure described for compound 146 (vide supra). 

HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1764.7888 

(monoisotopic), found: 1764.7915; calcd. for [M+Na]+: 

1786.7707, found: 1786.7726. tR = 5.65 min. (λ=214 

nm, 0-30% solv.B in 15’).  
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Compound 148 

To a stirred solution of 128 (22.3 mg, 11 µmol) in DMF (2 mL), 

DIPEA (2.3 µL, 13.2 µmol) and 2,5‐dioxopyrrolidin‐1‐yl-2-

azidoacetate374 (2.9 mg, 14.6 µmol) were added and the reaction 

stirred at room temperature for 30 minutes. The crude mixture 

was purified via RP-HPLC and lyophilized to give compound 148 

(19.6 mg) in 84% yield. [M+H]+: 2079.9583 (monoisotopic), 

found: 2079.9609. tR = 8.27 min. (λ=214 nm, 0-30% solv.B in 15’).   

    

 

 

 

 

 

 

  

 

 

 

Compound 149 

Compound 149 (21.8 mg) was obtained in 81% yield over 

two steps by reacting 130 (25.7 mg, 15.2 µmol) with 2,5‐

dioxopyrrolidin‐1‐yl-2-azidoacetate374 (3.9 mg, 19.7 

µmol), following the same procedure described for 

compound 148 (vide supra). HRMS (ESI+-TOF): m/z calcd. 

for [M+H]+: 1774.7844 (monoisotopic), found: 

1774.7834; calcd. for [M+Na]+: 1796.7663, found: 

1796.7656. tR = 6.64 min. (λ=214 nm, 0-30% solv.B in 15’). 
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Compound 150 

To a solution of 171 (10.2 mg, 1.6 µmol) in a 

H2O/CH3 (1:1, 1.0 mL) mixture containing 0.1% 

TFA, 63 (4.6 mg, 19.5 µmol) was added and the 

reaction heated at 37°C without stirring. After 

30 minutes, UPLC-MS showed complete 

conversion to the octa-Tn intermediate (150i, 

not isolated). ESI+-MS: m/z calcd. for 

C331H530N111O118 [M(150i)+5H]5+: 1590.5 

(average), found: 1590.5; calcd. for 

C331H529N111O118 [M(150i)+4H]4+: 1987.9, found: 

1987.7. tR = 2.37 min. (λ=214 nm, 5-60% solv.D 

in 3’). To this mixture, a solution of 155 (4.6 mg, 

19.5 µmol, 12 eq.) in PBS (pH 7.4, 100 mM, 1.0 

mL) was added and the reaction mixture degassed by argon bubbling for 15 minutes. A previously 

degassed solution of THPTA (5.7 mg, 13.1 µmol, 8 eq.), CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium 

ascorbate (10.4 mg, 23.9 µmol, 15 eq.) in PBS (pH 7.4, 100 mM, 1.0 mL) was added to the reaction 

mixture. After 90 minutes stirring at room temperature, UPLC-MS analysis showed complete 

conversion to compound 150. ESI+-MS: m/z calcd. for [M+6H]6+: 1887.4 (average), found: 1887.4. tR = 

1.40 min. (λ=214 nm, 5-60% solv.D in 3’). Chelex® resin was added to the reaction mixture and stirred 

for 30 minutes at room temperature to remove copper ions. The crude was then purified by RP-HPLC 

and lyophilized to give pure compound 150 (10.2 mg) in 55% yield over two steps. tR = 7.54 min. (λ=214 

nm, 0-40% solv.B in 15’).            

 

 

 

 

 

Compound 151 

Compound 151 (10.0 mg) was obtained in 60% 

yield over two steps by following the same 

procedure reported for 150 (vide supra). ESI+-

MS: m/z calcd. for [M+6H]6+: 1887.4 (average), 

found: 1887.5. tR = 7.60 min. (λ=214 nm, 0-40% 

solv.B in 15’).         
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Compound 152 

Compound 161 (22.1 mg, 11.3 µmol) was treated with a 

TFA/TIS/NH2OH/H2O  cocktail (94:2:2:2, 3.0 mL) for 3 hours at room 

temperature. After ice-cold diethyl-ether addition (15 mL) and 

filtration of the obtained precipitate, the crude product was purified 

by RP-HPLC and lyophilized to give pure compound 152 (14.1 mg) in 

93% yield. ESI+-MS: m/z calcd. for [M+H]+: 1341.5 (average), found: 

1341.4; calcd. for [M+2H]2+: 671.3, found: 671.0. tR = 4.00 min. (λ=214 

nm, 0-30% solv.B in 15’).  

 

 

 

 

 

Compound 153 

Compound 164 (50.7 mg, 41.9 µmol) was treated with a solution of NaIO4 

(89.6 mg, 419 mmol) in H2O (2.0 mL) following the general procedure for 

oxidative cleavage (VI.3.4.). Compound 153 was obtained in 71% yield (35.1 

mg). HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1180.6200 (monoisotopic), 

found: 1180.6211; calcd. for [M+H2O+Na]+: 1220.6125, found: 1220.6138. tR 

= 6.78 min. (λ=214 nm, 5-100% solv.B in 15’). 

 

 

 

 

 

 

 

Compound 154 

To a solution of 167 (69.4 mg, 44.5 µmol) in DMF (5 mL), DIPEA (12 µL, 

68.9 µmol) and Boc-aminooxyacetic acid N-hydroxysuccinimide ester346 

(15.4 mg, 53.4 µmol) were added. After 20 minutes stirring at room 

temperature the reaction was neutralized by adding a 0.1% TFA/CH3CN 

solution and the solvent mixture concentrated under reduced pressure. 

The crude product was treated with a TFA/NH2OH/TIS/H2O  cocktail 

(94:2:2:2, 5.0 mL) for 3 hours at room temperature, then it was added to 

ice-cold diethyl ether (40 mL) to induce precipitation. The obtained solid 

was filtrated and purified by RP-HPLC to give, after lyophilization, pure 

compound 154 (50.5 mg) in 86% yield over two steps. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 

1319.7296 (monoisotopic), found: 1319.7302; calcd. for [M+Na]+: 1341.7116, found: 1341.7123. tR = 

3.52 min. (λ=214 nm, 5-100% solv.B in 15’). 
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Compound 155 

A solution of 158 (250 mg, 0.37 mmol) in 70% aq. acetic acid  (2.5 mL) was 

stirred at 60°C for 4 hours. The mixture was concentrated under reduced 

pressure and co-evaporated with toluene. The residue was solubilized in dry 

MeOH (5.0 mL) and a solution of NaOMe in MeOH (25 wt%, d = 0.945 g·mL-

1) was added to reach pH ≈ 9. The reaction was stirred at room temperature overnight and neutralized 

with Amberlite IR-120 H+. The resin was filtered off, washed with MeOH and the filtrated was 

concentrated under vacuum. Compound 155 (147 mg) was obtained in 95% yield, as white amorphous 

solid after precipitation (MeOH/CH2Cl2). 1H-NMR (400 MHz, CD3OD) δ = 5.02 (1H, d, J = 3.7 Hz, H-1), 

4.48 (dd, 1H, J = 3.7, 11.1 Hz, H-2), 4.40 (d, 1H, J = 7.6 Hz, H-1'), 4.31 (dd, 1H, J = 2.4, 15.9 Hz, -CH2C≡CH), 

4.25 (dd, 1H, J = 2.4, 15.9 Hz, CH2C≡CH), 4.17 (d, 1H, J = 2.2 Hz, H-4'), 3.91 (dd, 1H, 3.0, 11.1 Hz, H-3), 

3.85 (app t , 1H, J = 6.0 Hz, H-5'), 3.81 (d, 1H, J = 2.9 Hz, H-4), 3.75 (dd, 2H, J = 6.9, 11.3 Hz, H-6a, H-6'a), 

3.70 (dd, 2H, J = 5.1, 11.4 Hz, H-6b, H-6'b), 3.50-3.56 (m, 2H, H-2', H-5'), 3.44 (dd, 1H, J = 3.2, 9.7 Hz, H-

3'), 2.85 (t, 1H, J = 2.3 Hz, CH2C≡CH), 1.97 (s, 3H, CH3) ppm; 13C-NMR (100 MHz, CD3OD) δ = 174.68, 

104.72, 96.27, 77.08, 75.83, 75.02, 72.56, 71.06, 70.65, 68.67, 68.62, 61.40, 61.01, 55.04, 48.37, 22.04 

ppm. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 422.1662 (monoisotopic), found: 422.1674. 

 

 

 

 

 

Compound 156 

To a suspension of 112 (1.285 g, 4.956 mmol) and benzaldehyde dimethyl acetal 

(1.116 mL, 7.436 mmol) in dry CH3CN (200 mL),  (±)-camphor-10-sulfonic acid (115 mg, 

0.495 mmol) was added and the mixture stirred at room temperature for 48 hours. 

The reaction was quenched with Et3N (300 µL) and concentrated under reduced 

pressure. The crude mixture was purified over silica gel chromatography 

(CH2Cl2/MeOH, 98:2) to afford compound 156 (1.550 g) in 90% yield. 1H-NMR (400 MHz, acetone-d6) δ 

= 7.55 (m, 2H, H-Ar), 7.35 (m, 3H, H-Ar), 6.95 (d, 1H, J = 7.8 Hz, NH), 5.65 (s, 1H, CHPh), 5.07 (d, 1H, J = 

3.5 Hz, H-1), 4.38 (app td , 1H, J = 8.6, 3.5 Hz, H-2), 4.30 (app d, 1H, J = 3.4 Hz, H-4), 4.29 (dd, 1H, J = 

16.0, 2.5 Hz, CH2C≡CH), 4.25 (dd, 1H, J = 16.0, 2.5 Hz, CH2C≡CH), 4.17 (dd, 1H, J = 12.4, 1.6 Hz, H-6a), 

4.13 (dd, 1H, J = 12.5, 1.7 Hz, H-6b), 3.88 (ddd, 1H, J = 11.1, 9.2, 3.4 Hz, H-3), 3.79 (app d, 1H, J = 1.1 Hz, 

H-5), 3.75 (d, 1H, J = 9.2 Hz, OH-3), 2.97 (t, 1H, J = 2.4 Hz, CH2C≡CH), 1.91 (s, 3H, CH3) ppm; 13C-NMR 

(100 MHz, acetone-d6) δ = 170.92 (C=O, acetyl), 139.91 (C-Ar), 129.46 (CH-Ar), 128.7 (2×CH-Ar), 127.3 

(2×CH-Ar), 101.44 (CH-Ph), 98.3 (C-1), 80.3 (CH2C≡CH), 76.9 (C-4), 76.1 (CH2C≡CH), 69.8 (C-6), 68.2 (C-

3), 64.4 (C-5), 55.4 (CH2C≡CH), 51.1 (C-2), 22.9 (CH3). HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 348.1447 

(monoisotopic), found: 348.1445. 
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Compound 157 

Compound 144 was synthesized according to the published procedure: Yu, H., and 

Chen, X. (2006) Aldolase-Catalyzed Synthesis of β-d-Galp-(1→9)-d-KDN:  A Novel 

Acceptor for Sialyltransferases. Org. Lett. 8, 2393–2396. Characterization data were 

in accordance with the previous report. 

 
 

 

 

 

 

Compound 158 

A solution of 156 (430 mg, 1.238 mmol) and 157414 (912 mg, 1.851 mmol) in 

dry CH2Cl2 (10 mL) was stirred for 1 hour under argon atmosphere at room 

temperature, in the presence of activated 4 Å molecular sieves. The reaction 

was cooled to -15°C and TMSOTf (45 µL, 248 µmol) was added. After 30 

minutes stirring at -15°C, the reaction mixture was allowed to reach room 

temperature, quenched with Et3N (50 µL), filtered on a Celite pad and the filtrate concentrated under 

reduced pressure. The crude mixture was next purified over siliga gel chromatography (CH2Cl2/MeOH, 

98:2) to afford compound 158 (503 mg) in 60% yield as white amorphous solid. 1 H NMR (400 MHz, 

CDCl3) δ = 7.53 

(m, 2H, H-Ar), 7.35 (m, 3H, H-Ar), 5.64 (d, 1H, J = 9.1 Hz, NHAc), 5.54 (s, 1H, CH-Ph), 5.37 (d, 1H, J = 3.3 

Hz, H-4'), 5.18 (dd, 1H, J = 10.3, 7.9 Hz, H-2'), 5.12 (d, 1H, J = 3.5 Hz, H-1), 4.97 (dd, 1H, J = 10.3, 3.5 Hz, 

H-3'), 4.75 (d, 1H, J = 7.9 Hz, H-1'), 4.70 (ddd, 1H, J = 3.6, 9.1, 11.4 Hz, H-2), 4.02-4.30 (m, 7H, H-4, 2×H-

6, 2×H-6', 2×CH2C≡CH), 3.95 (dd, 1H, J = 3.2, 11.2 Hz, H-3), 3.89 (app t, 1H, J = 5.9 Hz, H-5'), 3.69 (app 

t, 1H, J = 10.3 Hz, H-5), 2.46 (t, 1H, J = 2.4 Hz, CH2C≡CH), 2.14, 2.04, 2.03, 1.99, 1.96 (5s, 15H, 5×CH3); 
13C-NMR (125 MHz, CDCl3) δ = 170.71, 170.63, 170.41, 170.32, 170.22 (5×C=O), 128.51 (C-Ar), 128.32 

(CH-Ar), 126.76 (2×CH-Ar), 126.68 (2×CH-Ar), 100.83 (C-1'), 97.04 (C-1), 78.66 (CH2C≡CH), 75.45 

(CH2C≡CH), 72.72 (C-5'), 71.06 (C-3'), 70.90 (C-5), 69.06 (C-3), 68.64 (C-2'), 68.04 (C-4), 66.99 (C-4'), 

62.63 (C-6), 61.3 (C-6'), 55.3 (CH2C≡CH), 53.6 (C-2), 23.6, 20.9, 20.9, 20.8, 20.7 (5×CH3). HRMS (ESI+-

TOF): m/z calcd. for [M+H]+: 678.6577 (monoisotopic), found: 678.6570. 
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Compound 160 

Peptide sequence 159 was synthesized manually in a 

polypropylene reactor, following the general procedure for SPPS 

(VI.3.1.) on 985 mg of  Fmoc-Gly-SASRIN™ support (measured 

loading = 0.513 mmol·g-1). Clivage from the resin was performed 

following the reported general procedure (VI.3.2.). Mass 

spectrometry analysis revealed the presence of the expected 

mass for sequence 159. HRMS (ESI+-TOF): m/z calcd. for 

C84H146N17O25 [M(159)+H]+: 1794.0706 (most intense peak on 

isotopic cluster), found: 1794.0641. Linear peptide 159 was 

dissolved in a CH2Cl2/DMF (1:1, 1.0 L) mixture, in the presence 

of DIPEA (178 µL, 1.021 mmol) and PyBOP® (319 mg, 0.613 

mmol). Compound 160 (489.8 mg) was obtained following the 

general procedure for cyclization (VI.3.3.) in 54% overall yield. 

HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 1797.0390 (monoisotopic), found: 1797.0406. tR = 9.62 min. 

(λ=214 nm, 5-100% solv.B in 15’). 

 

 

 

 

 

Compound 161 

To a solution of 160 (72.3 mg, 40.7 µmol) in a mixture of 

DMF/CH2Cl2 (1:1, 20 mL), PhSiH3 (250 µL, 2.026 mmol) and 

Pd(PPh3)4 (2.0 mg, 1.7 µmol, 4% mol) were added and the reaction 

stirred at room temperature for 30 min. MeOH (5.0 mL) was added, 

and the mixture stirred until CO2 bubbling ceased. The solvent 

mixture was evaporated to dryness, the residue taken into CH2Cl2 

(2.0 mL) and the resulting solution added drop-wise to ice-cold 

diethyl ether (100 mL) causing the precipitation of the Alloc-

deprotected intermediate. The crude solid was filtrated, dried and analyzed via mass spectrometry, 

confirming its identity. HRMS (ESI+-TOF): m/z calcd. for C76H136N17O20 [M(160-Alloc)+H]+: 1607.0148 

(monoisotopic), found: 1607.0110. The crude was dissolved in DMF (5.0 mL), DIPEA (22 µL, 126.2 µmol) 

and Boc-aminooxyacetic acid N-hydroxysuccinimide ester346 (28.2 mg, 97.8 µmol) were added. After 

20 minutes stirring at room temperature the reaction mixture was purified via RP-HPLC an lyophilized, 

to give compound 161 (54.1 mg) in 67% yield over two steps. HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 

1975.1343 (monoisotopic), found: 1975.1371. tR = 9.72 min. (λ=214 nm, 5-100% solv.B in 15’). 
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Compound 163 

Peptide sequence 162 was synthesized manually in a polypropylene 

reactor, following the general procedure for SPPS (VI.3.1.) on 1.128 mg 

of  Fmoc-Gly-SASRIN™ support (measured loading = 0.496 mmol·g-1). 

Clivage from the resin was performed following the reported general 

procedure (VI.3.2.). Mass spectrometry analysis revealed the presence 

of the expected mass for sequence 162. HRMS (ESI+-TOF): m/z calcd. for 

C59H101N24O15 [M(162)+H]+: 1385.7878 (monoisotopic), found: 

1385.7856. Linear peptide 162 was dissolved in a CH2Cl2/DMF (1:1, 1.2 L) 

mixture, in the presence of DIPEA (195 µL, 1.119 mmol) and PyBOP® (349 

mg, 0.671 mmol). Compound 163 (366.9 mg) was obtained following the 

general procedure for cyclization (VI.3.3.) in 48% overall yield. HRMS 

(ESI+-TOF): m/z calcd. for [M+H]+: 1367.7773 (monoisotopic), found: 

1367.7745; calcd. for [M+Na]+: 1389.7592, found: 1389.7561. tR = 8.52 

min. (λ=214 nm, 5-100% solv.B in 15’). 

 

 

Compound 164 

Compound 163 (78.5 mg, 57.4 µmol) was treated with a TFA/TIS/H2O  

cocktail (96:2:2, 2.0 mL) for 3 hours at room temperature. The reaction 

mixture was added drop-wise to ice-cold diethyl ether (50 mL) and the 

formed precipitate was filtrated, dried and purified through RP-HPLC. After 

lyophilization of the collected fractions, compound 164 (64.7 mg) was 

obtained in 96% yield. . HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1211.6622 

(monoisotopic), found: 1211.6602. tR = 6.59 min. (λ=214 nm, 5-100% solv.B 

in 15’).   

 

 

Compound 166 

Peptide sequence 165 was synthesized manually in a polypropylene 

reactor, following the general procedure for SPPS (VI.3.1.) on 1.582 

mg of  Fmoc-Gly-SASRIN™ support (measured loading = 0.498 

mmol·g-1). Clivage from the resin was performed following the 

reported general procedure (VI.3.2.). Mass spectrometry analysis 

revealed the presence of the expected mass for sequence 165. 

HRMS (ESI+-TOF): m/z calcd. for C81H137N21O21Na [M(165)+Na]+: 

1741.0376 (monoisotopic), found: 1741.0366. Linear peptide 165 

was dissolved in a CH2Cl2/DMF (1:1, 1.6 L) mixture, in the presence 

of DIPEA (274 µL, 1.572 mmol) and PyBOP® (492 mg, 0.946 mmol). 

Compound 166 (746.8 mg) was obtained following the general 

procedure for cyclization (VI.3.3.) in 55% overall yield. HRMS (ESI+-

TOF): m/z calcd. for [M+H]+: 1724.0300 (monoisotopic), found: 

1724.0282. tR = 9.60 min. (λ=214 nm, 5-100% solv.B in 15’). 
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Compound 167 

To a 2% solution of N2H4·H2O in DMF (5.0 ml), 166 (90.3 mg, 52.4 µmol) 

was added and the reaction stirred at room temperature for 20 minutes. 

The solvent mixture was concentrated under reduced pressure, purified 

via RP-HPLC and lyophilized to give compound 167 (76.8 mg) in 94% 

yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1558.9433 

(monoisotopic), found: 1558.9458. tR = 8.65 min. (λ=214 nm, 5-100% 

solv.B in 15’).              

 

 

 

 

 

Compound 168 

Compound 168 (24.7 mg) was obtained in 75% yield by 

reacting 152 (12.1 mg, 9.0 µmol) and 153 (31.9 mg, 27.0 

µmol) in a H2O/CH3CN mixture (1:1, 2.0 mL) containing 

0.1% TFA, following the general procedure for oxime 

ligation (VI.3.5.). ESI+-MS: m/z calcd. for [M+2H]2+: 

1833.5 (average), found: 1833.5; calcd. for [M+3H]3+: 

1222.7, found: 1222.6; calcd. for [M+3H+Na]4+: 922.8, 

found: 922.8. tR = 8.17 min. (λ=214 nm, 5-100% solv.B in 

15’).    

 

 

 

 

 

 

 

Compound 169 

Compound 168 (22.3 mg, 6.1 µmol) was treated with a 

solution of sodium periodate (26.1 mg, 0.122 mmol) in a 

H2O/CH3CN mixture (1:1, 2.0 mL), following the general 

procedure for oxidative cleavage (VI.3.4.), to afford 

compound 169 (16.5 mg) in 75% yield. ESI+-MS: m/z calcd. 

for [M+H2O+H+Na]2+: 1831.5 (average), found: 1831.5; 

calcd. for [M+H2O+H+2Na]3+: 1228.7, found: 1228.6; calcd. 

for [M+H2O+H+3Na]4+: 927.2, found: 927.2. tR = 8.49 min. 

(λ=214 nm, 5-100% solv.B in 15’).  

 

 

 



218 
 

Compound 170 

Compound 170 (24.1 mg) was obtained in 

85% yield by reacting 169 (16.0 mg, 4.4 

µmol) and 64 (19.0 mg, 13.2 µmol) in a 

H2O/CH3CN mixture (1:1, 1.0 mL) containing 

0.1% TFA, following the general procedure 

for oxime ligation (VI.3.5.). ESI+-MS: m/z 

calcd. for [M+4H]4+: 1613.6 (average), found: 

1613.5; calcd. for [M+5H]5+: 1291.0, found: 

1291.0; calcd. for [M+6H]6+: 1076.0, found: 

1076.1; calcd. for [M+7H]7+: 922.5, found: 

922.5. tR = 7.23 min. (λ=214 nm, 5-100% solv.B in 15’).  

 

 

 

Compound 171 

Compound 170 (23.6 mg, 3.7 µmol) was 

treated with a solution of sodium periodate 

(62.6 mg, 0.293 mmol) in a H2O/CH3CN mixture 

(1:1, 2.0 mL), following the general procedure 

for oxidative cleavage (VI.3.4.), to afford 

compound 171 (17.7 mg) in 78% yield. ESI+-MS: 

m/z calcd. for [M+3H]3+: 2068.2 (average), 

found: 2067.7; calcd. for [M+4H]4+: 1551.4, 

found: 1551.1; calcd. for [M+5H]5+: 1241.4, 

found: 1241.1. tR = 8.11 min. (λ=214 nm, 5-

100% solv.B in 15’).  

 

 

 

Compound 172 

Compound 172 (34.2 mg) was obtained in 

87% yield by reacting 89 (7.6 mg, 6.1 µmol) 

and 154 (48.1 mg, 36.4 µmol) in a 

H2O/CH3CN mixture (1:1, 1.0 mL) 

containing 0.1% TFA, following the general 

procedure for oxime ligation (VI.3.5.). ESI+-

MS: m/z calcd. for [M+4H]4+: 1613.6 

(average), found: 1613.5; calcd. for 

[M+5H]5+: 1291.0, found: 1291.1; calcd. for 

[M+6H]6+: 1076.0, found: 1076.2; calcd. for 

[M+7H]7+: 922.5, found: 922.5. tR = 5.17 min. (λ=214 nm, 5-100% solv.B in 15’). 

 



219 
 

Compound 173 

Compound 172 (21.8 mg, 3.4 µmol) was 

treated with a solution of sodium periodate 

(58.2 mg, 0.272 mmol) in a H2O/CH3CN mixture 

(1:1, 2.0 mL), following the general procedure 

for oxidative cleavage (VI.3.4.), to afford 

compound 173 (15.3 mg) in 73% yield. ESI+-MS: 

m/z calcd. for [M+3H]3+: 2068.2 (average), 

found: 2068.5; calcd. for [M+4H]4+: 1551.4, 

found: 1551.7; calcd. for [M+5H]5+: 1241.4, 

found: 1241.6. tR = 8.08 min. (λ=214 nm, 5-

100% solv.B in 15’). 

 

 

 

 

Compound 174 

Compound 174 (7.3 mg) was obtained in 88% yield by reacting 89 (4.9 mg, 

3.9 µmol) and 2-acetamido-2-deoxy-β-D-glucopyranosyl hydroxylamine354 

(5.5 mg, 23.3 µmol) in 0.1% TFA/H2O (1.0 mL), following the general 

procedure for oxime ligation (VI.3.5.). HRMS (ESI+-TOF): m/z calcd. for 

[M+H]+: 2116.9886, found: 2116.9878; calcd. [M+Na]+: 2138.9706, found: 

2138.9624. tR= 5.39 min. (λ=214 nm, 0-40% solv.B in 15 min.). 

 

 

 

 

 

 

Compound 175 

To a solution of 120 (5.4 mg, 4.8 µmol) and prop-2-ynyl 2-acetamido-2-

deoxy-β-D-glucopyranoside354 (7.5 mg, 28.9 µmol) in DMF (600 µL), a 

solution of THPTA (8.3 mg, 19.1 µmol), CuSO4·5H2O (0.1 mg, 0.4 µmol) and 

sodium ascorbate (7.6 mg, 38.4 µmol) in aq. PBS (pH 7.4, 10 mM, 1200 

µL) was added. Compound 175 (8.4 mg) was obtained in 81% yield, 

following the general procedure for CuAAC (VI.3.6.). HRMS (ESI+-TOF): 

m/z calcd. for [M+H]+: 2161.0526, found: 2161.0530; calcd. for [M+Na]+: 

2184.0373, found: 2184.0386. tR= 5.48 min. (λ=214 nm, 0-40% solv.B in 

15 min.).   
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Compound 176 

Compound 167 (6.8 mg, 4.4 µmol) was treated with a 

TFA/TIS/H2O cocktail (96:2:2, 1.0 mL) for 3 hours at 

room temperature. The reaction mixture was added 

drop-wise to ice-cold diethyl ether (5.0 mL), the formed 

precipitate was filtrated and dissolved in H2O/CH3CN 

(1:1, 1.0 mL) for the next step, which involved the 

treatment with sodium periodate (18.8 mg, 87.9 µmol), 

according to the general procedure for oxidative 

cleavage (VI.3.4.). Compound 176i (3.8 mg) was 

obtained in 74% yield over two steps. HRMS (ESI+-TOF): 

m/z calcd. for [M(176i)+H]+: 1184.6289, found: 

1184.6309; calcd. for [M(176i)+H2O+H]+: 1220.6500, 

found: 1220.6527. tR= 3.78 min. (λ=214 nm, 5-100% 

solv.B in 15 min.). 

To a solution of 176i (2.2 mg, 1.9 µmol) in a H2O/CH3CN 

(1:1, 500 µL) mixture containing 0.1% TFA, 63 (1.4 mg, 

5.9 µmol) was added and the reaction heated at 37°C without stirring. After 30 minutes, 155 (2.4 mg, 

5.7 µmol) was added to this mixture, then 1.0 mL of PBS buffer (pH 7.4, 100 mM) was added and the 

solution degassed by argon bubbling for 15 minutes. A separate solution, containing CuSO4 (0.1 mg, 

0.4 µmol), THPTA (1.7 mg, 3.9 µmol) and sodium ascorbate (1.5 mg, 7.6 µmol) in previously degassed 

PBS buffer (1.0 mL, pH 7.4, 100mM) was added to the reaction mixture. After 90 minutes stirring at 

room temperature, Chelex® resin was added to the reaction mixture and stirred for 30 minutes at 

room temperature in order to remove residues of copper. The crude was then purified by preparative 

RP-HPLC and lyophilized to give compound 176 (3.4 mg) in 72% yield over two steps. HRMS (ESI+-TOF): 

m/z calcd. for [M+H]+: 2463.1262, found: 2463.1223; calcd. for [M+Na]+: 2485.1081, found: 2485.1047. 

tR= 5.40 min. (λ=214 nm, 0-40% solv.B in 15 min.).  

 

 

Compound 177 

To a solution of 125 (5.8 mg, 1.0 µmol) and 

155 (8.4 mg, 20.0 µmol) in DMF (600 µL), a 

solution of THPTA (13.9 mg, 32.0 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium 

ascorbate (16.3 mg, 82.3 µmol) in aq. PBS (pH 

7.4, 10 mM, 1200 µL) was added. Compound 

177 (9.5 mg) was obtained in 75% yield, 

following the general procedure for CuAAC 

(VI.3.6.). MALDI-TOF: m/z calcd. for [M+H]+: 

12704.9 (average), found: 12700.2. tR = 8.22 

min. (λ=214 nm, 0-40% solv.B in 15’).   

Compound 181 
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Peptide sequence 180 was synthesized manually in a polypropylene 

reactor, following the general procedure for SPPS (VI.3.1.) on 2.342 mg of 

Fmoc-Gly-SASRIN™ support (measured loading = 0.488 mmol·g-1). Clivage 

from the resin was performed following the reported general procedure 

(VI.3.2.). Mass spectrometry analysis revealed the presence of the 

expected mass for sequence 165. HRMS (ESI+-TOF): m/z calcd. for 

C68H111N15O21Na [M(180)+Na]+: 1496.7977 (monoisotopic), found: 

1496.7992. Linear peptide 180 was dissolved in a CH2Cl2/DMF (1:1, 3.0 L) 

mixture, in the presence of DIPEA (398 µL, 2.284 mmol) and PyBOP® (715 

mg, 1.374 mmol). Compound 181 (965.6 mg) was obtained following the 

general procedure for cyclization (VI.3.3.) in 58% overall yield. HRMS (ESI+-

TOF): m/z calcd. for [M+Na]+: 1478.7871 (monoisotopic), found: 

1478.7893. tR = 7.75 min. (λ=214 nm, 5-100% solv.B in 15’). 

 

 

 

Compound 182 

To a stirred solution of 181 (824.6 mg, 566.1 µmol) in CH2Cl2 (100 mL), of 

Pd(PPh3)4 (65.4 mg, 56.6 µmol, 10% mol) and PhSiH3 (6.985 mL, 56.611 

mmol) were added. After 30 minutes stirring at room temperature MeOH 

(30 mL) was added, and the reaction stirred until the CO2 bubbling ceased. 

The solvent mixture was removed under reduced pressure, the residue was 

taken into CH2Cl2 (50 mL) and the resulting fine suspension extracted with H2O (4 x 50 mL). The 

combined aqueous fractions were lyophilized, and the obtained solid dissolved in H2O (10 mL) and 

purified through RP-HPLC. Compound 182 (396.5 mg) was obtained in 42% yield as white solid after 

lyophilization. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 1120.7206 (monoisotopic), found: 1120.7244. 

tR = 9.44 min. (λ=214 nm, 0-30% solv.B in 15’).  

 

 

 

Compound 184 

Compound 183 (54.2 mg, 206.6 µmol) was treated with a TFA/CH2Cl2 (1:1, 2.0 

mL) mixture for 30 minutes at room temperature. The reaction mixture was 

added drop-wise to ice-cold diethyl ether (20 mL), the solid was filtrated, dried 

and dissolved in a CH3CN/DMF mixture (2.0 mL). To this solution, DIPEA (54 µL, 

309.9 µmol) and 2,5-dioxopyrrolidin-1-yl-2-azidoacetate374 (49.1 mg, 247.8 µmol) were added and the 

reaction stirred at room temperature for 20 minutes. The reaction mixture was purified through RP-

HPLC and lyophilized to give compound 184 (41.7 mg) in 82% yield over two steps. ESI+-MS: m/z calcd. 

for [M+H] +: 247.1 (monoisotopic), found: 247.3. tR = 4.12 min. (λ=214 nm, 0-30% solv.B in 15’).  
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Compound 185 

To a solution of 182 (18.5 mg, 16.5 µmol) in a CH3CN/DMF (1:1, 2.0 

mL) mixture, DIPEA (23 µL, 132.0 µmol), PyBOP® (53.2 mg, 102.2 

µmol) and 184 (25.6 mg, 104.0 µmol) were added. After 20 minutes 

stirring at room temperature, the reaction mixture was purified via 

RP-HPLC and lyophilized, to give compound 185 (29.5 mg) in 88% 

yield. ESI+-MS: m/z calcd. for [M+H] +: 2034.2 (average), found: 2033.9. 

tR = 11.02 min. (λ=214 nm, 5-60% solv.B in 15’).  

 

 

 

 

 

 

 

 

 

 

Compound 186 

Compound 185 (15.2 mg, 7.5 µmol) was treated 

with with a TFA/CH2Cl2 mixture (1:1, 1.0 mL) for 30 

minutes at room temperature. The reaction mixture 

was added drop-wise to ice-cold diethyl ether (20 

mL), the obtained solid was filtrated, dried and used 

for the next step without any further purification. 

The crude intermediate was dissolved in a 

CH3CN/DMF (1:1, 1.0 mL) mixture, in the presence 

of 155 (19.0 mg, 45.1 µmol). To this solution, a 

mixture containing THPTA (32.6 mg, 75.0 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium 

ascorbate (41.6 mg, 210.0 µmol) in aq. PBS (pH 7.4, 

10 mM, 2.0 mL) was added. Compound 186 (18.2 

mg) was obtained in 67% yield over two steps, 

according to the general procedure for CuAAC 

(VI.3.6.). ESI+-MS: m/z calcd. for [M+2H]2+: 1809.8 (most intense peak of isotopic cluster), found: 

1809.9; calcd. for [M+3H]3+: 1206.9, found: 1207.0. tR = 10.23 min. (λ=214 nm, 0-30% solv.B in 15’).   
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Compound 187 

To a solution of 120 (4.2 mg, 3.7 µmol) and 155 (9.5 mg, 22.5 µmol) in 

DMF (600 µL), a solution containing THPTA (12.9 mg, 29.7 µmol), 

CuSO4·5H2O (0.1 mg, 0.4 µmol) and sodium ascorbate (14.7 mg, 74.2 

µmol) in aq. PBS (pH 7.4, 10 mM, 1200 µL) was added. Compound 187 

(7.6 mg) was obtained in 73% yield, according to the general procedure 

for CuAAC (VI.3.6.). HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 2809.2638 

(monoisotopic), found: 2809.2549. tR = 5.43 min. (λ=214 nm, 0-40% 

solv.B in 15’).  

 

 

 

 

 

 

 
Compound 188 

Compound 188 was synthesized according to the published procedure: Wu, Z., Guo, 

X., and Guo, Z. (2010) Chemoenzymatic synthesis of glycosylphosphatidylinositol-

anchored glycopeptides. Chem. Commun. 46, 5773–5774. Characterization data were 

in accordance with the previous report. 

 

 

 

 

 

 

 

Compound 189 

To a solution of 182 (87.8 mg, 78.4 µmol) in DMF (15.0 mL), 

DIPEA (92 µL, 528.0 µmol), PyBOP® (205.2 mg, 394.4 µmol) and 

188 (247.1 mg, 376.3 µmol) were added. After 20 minutes 

stirring at room temperature the solvent mixture was removed 

under high vacuum and the resulting oily residue was treated 

with a TFA/CH2Cl2 (1:1, 1.0 mL) mixture for 30 minutes at room 

temperature. The reaction mixture was added drop-wise to ice-

cold diethyl ether (100 mL), the obtained solid was filtrated, dried and purified through preparative 

RP-HPLC. After lyophilization, compound 189 (187.8 mg) was obtained in 67% yield over two steps. 

MALDI-TOF: m/z calcd. for [M+Na] +: 3597.7 (average), found: 3598.7. tR = 12.67 min. (λ=214 nm, 5-

100% solv.B in 15’). 
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Compound 190 

Compound 189 (9.2 mg, 2.6 µmol) was dissolved in a piperidine/CH3CN 

(5% v/v, 1.0 ml) mixture. After 15 minutes stirring UPLC-MS showed 

complete Fmoc-deprotection. The solvent mixture was concentrated to 

dryness to give a white residue. A solution of NaOMe/MeOH (25 wt%, d 

= 0.945 g·mL-1) in dry MeOH (pH≈10) was added to the crude. After 20 

minutes stirring at room temperature UPLC-MS showed complete 

deprotection. The reaction was neutralized with Amberlite IR-120 H+, the 

resin filtered off, washed with MeOH and the filtrated purified via RP-

HPLC. After lyophilization, compound 190 (4.6 mg) was obtained in 82% 

yield over two steps. ESI+-MS: m/z calcd. for [M+H]+: 2181.1 

(monoisotopic), found: 2180.6. tR = 3.66 min. (λ=214 nm, 0-20% solv.B in 

15’). 

 

 
Compound 191 

To a solution of 189 (37.3 mg, 10.4 µmol) in a CH3CN/DMF (1:1, 

3.5 mL) mixture, DIPEA (3.6 µL, 20.7 µmol) and Boc-

aminooxyacetic acid N-hydroxysuccinimide ester346 (3.6 mg, 12.5 

µmol) were added. After 20 minutes stirring at room 

temperature the solvent mixture was evaporated to dryness and 

the resulting residue was used for the next step without any 

further purification. A piperidine/CH3CN mixture (5% v/v, 2.0 mL) 

was added to the crude. After 15 minutes stirring at room 

temperature the reaction mixture was purified through RP-HPLC 

and lyophilized. Compound 191 (21.7 mg) was obtained in 73% 

yield over two steps. ESI+-MS: m/z calcd. for [M+H]+: 2860.0 (average), found: 2860.8; calcd. for 

[M+2H]2+: 1430.5, found: 1429.8. tR = 9.95 min. (λ=214 nm, 5-60% solv.B in 15’). 

 

 
Compound 192 

A solution of NaOMe/MeOH (25 wt%, d = 0.945 g·mL-1) in dry MeOH 

(pH≈10) was added to 191 (35.2 mg, 12.3 µmol). After 20 minutes stirring 

at room temperature, UPLC-MS showed complete conversion. The 

reaction was neutralized with Amberlite IR-120 H+, the resin filtered off, 

washed with MeOH and the filtrated purified via RP-HPLC. After 

lyophilization, compound 192 (25.8 mg) was obtained in 89% yield. HRMS 

(ESI+-TOF): m/z calcd. for [M+H]+: 2354.1826 (monoisotopic), found: 

2354.1836. tR = 8.41 min. (λ=214 nm, 0-40% solv.B in 15’). 
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Compound 193 

Compound 192 (19.8 mg, 8.4 µmol) was treated 

with a TFA/CH2Cl2 (1:1, 1.0 mL) mixture for 30 

minutes at room temperature. The reaction 

mixture was added drop-wise to ice-cold diethyl 

ether (20 mL), the obtained solid was filtrated, 

dried and used for the next step without any 

further purification. The crude solid was reacted 

with 89 (1.7 mg, 2.1 µmol) in H2O containing 0.1% 

TFA (1.0 mL), following the general procedure for 

oxime ligation (VI.3.5.). Compound 193 (17.5 mg) 

was obtained in 82% yield over two steps. MALDI-TOF: m/z calcd. for [M+H] +: 10190.9 (average), 

found: 10194.5. tR = 8.63 min. (λ=214 nm, 0-40% solv.B in 15’).  

 

 

 

 

 
Compound 194 

Compound 194 (17.9 mg) was obtained in 91% yield by reacting 89 

(11.6 mg, 9.3 µmol) and 63 (13.2 mg, 55.9 µmol) following the 

general procedure for oxime ligation (VI.3.5.). HRMS (ESI+-TOF): 

m/z calcd. for [M+H]+: 2116.9886 (monoisotopic), found: 

2116.9854. tR = 5.76 min. (λ=214 nm, 0-40% solv.B in 15’). 

 

 

 

 

 

 

 
  



226 
 

Compound 196 

 
Peptide sequence 195 was synthesized automatically, following the general procedure for SPPS 

(VI.3.1.) on 535 mg of Rink amide® support (measured loading = 0.524 mmol·g-1). Clivage from the 

resin was performed following the reported general procedure (VI.3.2.). After RP-HPLC purification 

and lyophilization, compound 196 (324.2 mg) was isolated in 41% overall yield. HRMS (ESI+-TOF): m/z 

calcd. for [M+H]+: 2821.4607 (most intense peak of isotopic cluster), found: 2821.4568. tR = 7.24 min. 

(λ=214 nm, 0-40% solv.B in 15’). 

 

 

 

 

 
Compound 197 

Compound 197 was synthesized according to the published procedure: Mezö, G., 

Mihala, N., Andreu, D., and Hudecz, F. (2000) Conjugation of epitope peptides with 

SH group to branched chain polymeric polypeptides via Cys(Npys). Bioconjug. Chem. 

11, 484–491. Characterization data were in accordance with the previous report. 
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Compound 198 

To a solution of 194 (14.0 mg, 6.6 µmol) in DMF (1.5 mL), DIPEA (1.7 µL, 

9.8 µmol) and 97 (4.7 mg, 9.9 µmol) were added. After 20 minutes 

stirring at room temperature the reaction was purified via RP-HPLC and 

lyophilized to give compound 198 (12.0 mg) in 74% yield. HRMS (ESI+-

TOF): m/z calcd. for [M+H]+: 2475.0368 (most intense peak of isotopic 

cluster), found: 2821.4568; calcd. for [M+Na]+: 2496.0159 

(monoisotopic), found: 2496.0229. tR = 8.15 min. (λ=214 nm, 5-60% 

solv.B in 15’). 

 

 

 

 

 

 
Compound 199 

Compound 198 (8.4 mg, 3.4 µmol) was treated with a 

TFA/CH2Cl2 (1:1, 1.0 mL) mixture for 30 minutes at room 

temperature. The reaction mixture was added drop-wise 

to ice-cold diethyl ether (10 mL), the obtained solid was 

filtrated, dried and used for the next step without any 

further purification. To a solution of the crude compound 

in NaOAc buffer (pH 4.5, 40 mM, 1.0 mL), a solution of 

196 (10.5 mg, 3.7 µmol) in DMF (200 µL) was added, 

according to the general procedure for disulfide bridging 

(VI.3.7.). Compound 199 (12.3 mg) was obtained in 72% 

yield over two steps. MALDI-TOF: m/z calcd. for [M+H] +: 

5040.5 (average), found: 5041.4. tR = 11.47 min. (λ=214 nm, 0-40% solv.B in 15’). 

 

 
Compound 200 

Compound 111 (10.3 mg, 1.0 µmol) was suspended in a 

DMF/DMSO (1:1, 1.0 mL) mixture, DIPEA (0.25 µL, 1.4 

µmol) and 197 (0.7 mg, 1.5 µmol) were added. After 1 

hour stirring at room temperature the reaction mixture 

was purified and lyophilized to give compound 200 (3.1 

mg) in 30% yield. ESI+-MS: m/z calcd. for [M+4H]4+: 

2573.7 (average), found: 2574.1; calcd. for [M+5H]5+: 

2059.1, found: 2060.5; calcd. for [M+6H]6+: 1716.1, 

found: 1717.0; calcd. for [M+7H]7+: 1471.1, found: 

1472.1. tR = 11.15 min. (λ=214 nm, 0-40% solv.B in 15’). 
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Alternatively, compound 200 (3.4 mg) was obtained in 41% yield by adding 197 (0.6 mg, 1.3 µmol) to 

a solution of 111 (7.9 mg, 0.8 µmol) in a PBS(pH 7.4, 10 mM)/DMF mixture (1:1, 400 µL) and stirring at 

room temperature for 1 hour. 

 

 

 

 

 
Compound 201 

Compound 200 (5.4 mg, 0.5 µmol) was treated with a 

TFA/CH2Cl2 (1:1, 1.0 mL) mixture for 30 minutes at room 

temperature. The reaction mixture was added drop-wise 

to ice-cold diethyl ether (10 mL), the obtained solid was 

filtrated, dried and used for the next step without any 

further purification. To a solution of the crude compound 

in NaOAc buffer (pH 4.5, 40 mM, 1.0 mL), a solution of 

196 (1.7 mg, 0.6 µmol) in DMF (50 µL) was added, 

according to the general procedure for disulfide bridging 

(VI.3.7.). Compound 201 (3.9 mg) was obtained in 61% 

yield over two steps. ) ESI+-MS: m/z calcd. for [M+5H]5+: 

2572.1 (average), found: 2572.3; calcd. for [M+6H]6+: 2143.6, found: 2144.1; calcd. for [M+7H]7+: 

1837.5, found: 1838.0; calcd. for [M+8H]8+: 1607.9, found: 1608.4; calcd. for [M+9H]9+: 1429.4, found: 

1429.9; calcd. for [M+10H]10+: 1286.6, found: 1287.0. tR = 7.47 min. (λ=214 nm, 5-60% solv.B in 15’).  

 

 

 

 

 
Compound 202 

To a solution of 189 (13.2 mg, 3.7 µmol) in DMF (1.0 mL), DIPEA 

(0.97 µL, 5.6 µmol) and 197 (2.6 mg, 5.5 µmol) was added and 

the reaction stirred at room temperature for 30 minutes. The 

reaction mixture was purified through RP-HPLC and lyophilized 

to give compound 202 (11.2 mg) in 77% yield. MALDI-TOF: m/z 

calcd. for [M+Na]+: 3955.1 (average), found: 3954.6. tR = 12.62 

min. (λ=214 nm, 5-100% solv.B in 15’). 

 

 

 

 

Compound 204 
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Compound 202 (9.5 mg, 2.4 µmol) was treated with a 

TFA/CH2Cl2 (1:1, 1.2 mL) mixture for 30 minutes at 

room temperature. The reaction mixture was added 

drop-wise to ice-cold diethyl ether (15 mL), the 

obtained solid was filtrated, dried and used for the 

next step without any further purification. To a 

solution of the crude compound in a DMF/NaOAc 

buffer (pH 4.5, 40 mM) (2:1, 1.5 mL) mixture, a 

solution of 196 (7.4 mg, 2.6 µmol) in DMF (500 µL) was 

added, according to the general procedure for 

disulfide bridging (VI.3.7.). Compound 204 (10.8 mg) 

was obtained in 69% yield over two steps. MALDI-

TOF: m/z calcd. for [M+H]+: 6498.1 (average), found: 6498.9. tR = 10.34 min. (λ=214 nm, 5-100% solv.B 

in 15’).  

 

 
Compound 205 

A solution of NaOMe/MeOH (25 wt%, d = 0.945 

g·mL-1) in dry MeOH (pH≈10, 3.0 mL) was added to 

compound 204 (7.2 mg, 1.1 µmol) and the resulting 

mixture was stirred overnight at room temperature. 

The reaction was neutralized with Amberlite IR-120 

H+, the resin filtered off, washed with MeOH and the 

filtrated purified via RP-HPLC. After lyophilization, 

compound 205 (2.4 mg) was obtained in 43% yield. 

MALDI-TOF: m/z calcd. for [M+H]+: 5104.7 

(average), found: 5104.8. tR = 5.95 min. (λ=214 nm, 

5-80% solv.B in 15’). 

 

 
Compound 206 

To a solution of 189 (22.6 mg, 6.3 µmol) in DMF (3.0 mL), DIPEA 

(1.6 µL, 9.2 µmol) and Boc-aminooxyacetic acid N-

hydroxysuccinimide ester346 (2.2 mg, 7.6 µmol) were added. 

After 30 minutes stirring at room temperature, the reaction 

mixture was concentrated to dryness and the crude was treated 

with a TFA/NH2OH/CH2Cl2 (50:2:48, 2.0 mL) cocktail for 30 

minutes at room temperature. The reaction mixture was added 

drop-wise to ice-cold diethyl ether (30 mL), and the obtained 

solid was filtrated and purified via RP-HPLC. After lyophilization, 

compound 206 (17.9 mg) was isolated in 78% yield over two steps. ESI+-MS: m/z calcd. for [M+2H]2+: 

1824.9 (average), found: 1825.1; calcd. for [M+3H]3+: 1216.9, found: 1217.4. tR = 11.01 min. (λ=214 

nm, 5-100% solv.B in 15’).  
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Compound 207 

Compound 207 (7.61 mg) was obtained in 

69% yield by reacting 89 (0.87 mg, 0.70 

µmol) and 206 (15.42 mg, 4.23 µmol) in a 

CH3CN/H2O mixture (9:1, 1.0 mL) containing 

0.1% of TFA, following the general 

procedure for oxime ligation (VI.3.5.). 

MALDI-TOF: m/z calcd. for [M+Na]+: 15786.5 

(average), found: 15789.1. tR = 12.51 min. 

(λ=214 nm, 50-100% solv.B in 15’). 

 

 

 

 

 
Compound 208 

Compound 207 (6.24 mg, 0.40 µmol) was 

dissolved in DMF (1.0 mL), DIPEA (0.15 µL, 

0.86 µmol) and 197 (0.28 mg, 0.59 µmol) 

were added and the reaction stirred at room 

temperature for 30 minutes. The solvent 

mixture was purified via RP-HPLC and 

lyophilized to give compound 208 (3.40 mg) 

in 62% yield. ESI+-MS: m/z calcd. for 

[M+6H]6+: 2686.1 (monoisotopic), found: 

2686.1. tR = 12.63 min. (λ=214 nm, 50-100% 

solv.B in 15’). 
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Compound 209 
Compound 208 (2.84 mg, 0.18 µmol) was 

treated with a TFA/CH2Cl2 (1:1, 500 µL) 

mixture for 30 minutes at room 

temperature. The reaction mixture was 

added drop-wise to ice-cold diethyl ether 

(5.0 mL), the obtained solid was filtrated, 

dried and used for the next step without any 

further purification. To a solution of the 

crude compound in a DMF/NaOAc buffer 

(pH 4.5, 40 mM) (2:1, 800 µL) mixture, a 

solution of 196 (0.56 mg, 0.20 µmol) in DMF 

(50 µL) was added, according to the general 

procedure for disulfide bridging (VI.3.7.). 

Compound 209 (2.08 mg) was obtained in 

62% yield over two steps. ESI+-MS: m/z calcd. for [M+7H]7+: 2670.8 (average), found: 2668.3; calcd. for 

[M+8H]8+: 2336.6, found: 2336.0; calcd. for [M+9H]9+: 2077.1, found: 2077.4; calcd. for [M+10H]10+: 

1869.5, found: 1869.7. tR = 11.40 min. (λ=214 nm, 50-100% solv.B in 15’). 

 

 

 

 

 
Compound 211 

To a solution of 219 (2.1 mg, 0.52 µmol) and 217 (6.0 

mg, 2.65 µmol) in DMF (600 µL), a solution containing 

THPTA (2.3 mg, 5.3 µmol), CuSO4·5H2O (0.1 mg, 0.4 

µmol) and sodium ascorbate (3.1 mg, 15.6 µmol) in 

aq. PBS (pH 7.4, 10 mM, 1200 µL) was added. 

Compound 211 (5.11 mg) was obtained in 75% yield, 

according to the general procedure for CuAAC 

(VI.3.6.). ESI+-MS spectrum of 211. m/z calcd. for 

[M+5H]5+: 2619.5 (average), found: 2617.5; calcd. for 

[M+6H]6+: 2183.0, found: 2182.7; calcd. for [M+7H]7+: 

1871.3, found: 1871.6; calcd. for [M+8H]8+: 1637.5, 

found: 1638.0; calcd. for [M+9H]9+: 1455.7, found: 

1456.1; calcd. for [M+10H]10+: 1310.2, found: 1310.4; 

calcd. for [M+11H]11+: 1191.2, found: 1191.1; calcd. 

for [M+12H]12+: 1092.0, found: 1092.1; calcd. for [M+13H]13+: 1008.1, found: 1008.3; calcd. for 

[M+14H]14+: 936.2, found: 935.9; calcd. for [M+15H]15+: 873.8, found: 874.1. tR = 9.33 min. (λ=214 nm, 

5-40% solv.B in 15’).               
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Compound 212 

Compound 212 was synthesized according to the published procedure: Galibert, 

M., Dumy, P., and Boturyn, D. (2009) One-Pot Approach to Well-Defined 

Biomolecular Assemblies by Orthogonal Chemoselective Ligations. Angew. 

Chemie Int. Ed. 48, 2576–257. Characterization data were in accordance with the 

previous report. 

 

 

Compound 214 

Peptide sequence 213 was synthesized manually in a polypropylene reactor, 

following the general procedure for SPPS (VI.3.1.) on 956 mg of Fmoc-Gly-

SASRIN™ support (measured loading = 0.528 mmol·g-1). Clivage from the 

resin was performed following the reported general procedure (VI.3.2.). 

Mass spectrometry analysis revealed the presence of the expected mass for 

sequence 213. HRMS (ESI+-TOF): m/z calcd. for C72H124N15O20 [M(213)+H]+: 

1518.9147 (monoisotopic), found: 1518.9182. Linear peptide 213 was 

dissolved in a CH2Cl2/DMF (1:1, 1.0 L) mixture, in the presence of DIPEA (176 

µL, 1.010 mmol) and PyBOP® (315 mg, 0.605 mmol). Compound 181 (386.5 

mg) was obtained following the general procedure for cyclization (VI.3.3.) 

in 51% overall yield. HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 1522.8861 

(monoisotopic), found: 1522.8902. tR = 7.92 min. (λ=214 nm, 5-100% solv.B 

in 15’). 

 

 

Compound 215 

Compound 214 (56.7 mg, 37.8 µmol) was treated with a TFA/CH2Cl2 (1:1, 5.0 

mL) mixture for 30 minutes at room temperature. The reaction mixture was 

added drop-wise to ice-cold diethyl ether (100 mL), the obtained solid was 

filtrated and purified via RP-HPLC. After lyophilization, compound 215 (38.3 

mg) was obtained in 92% yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 

1100.6944 (monoisotopic), found: 1100.6908. tR = 6.22 min. (λ=214 nm, 0-

30% solv.B in 15’). 

 

 
Compound 216 

To a solution of 215 (32.4 mg, 29.4 µmol) in DMF (3.0 mL), DIPEA 

(30.7 µL, 176.2 µmol), PyBOP® (76.5 mg, 147.0 µmol) and 188 

(92.7 mg, 141.2 µmol) were added. After 30 minutes stirring at 

room temperature the reaction mixture was concentrated and 

purified through RP-HPLC. After lyophilization, compound 216 

(88.1 mg) was obtained in 82% yield. MALDI-TOF: m/z calcd. for 

[M+Na]+: 3677.8 (average), found: 3675.3. tR = 10.65 min. (λ=214 

nm, 5-100% solv.B in 15’).  
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Compound 217 

To a solution of 216 (45.6 mg, 12.5 µmol) in dry MeOH (2.0 mL), 

methylhydrazine (21.0 µL, 398.8 µmol) was added and the reaction stirred 

overnight at room temperature. The solvent mixture was concentrated 

under reduced pressure and the resulting crude was purified though RP-

HPLC. After lyophilization, compound 217 (20.4 mg) was obtained in 72% 

yield. HRMS (ESI+-TOF): m/z calcd. for [M+H]+: 2261.1400 (monoisotopic), 

found: 2261.1311. tR = 4.09 min. (λ=214 nm, 0-40% solv.B in 15’). 

 

 

 

 

 

 

 
Compound 218 

To a solution of 120 (16.2 mg, 14.4 µmol) in DMF (2.0 mL), DIPEA (3.8 µL, 

21.8 µmol) and 197 (10.2 mg, 20.5 µmol) were added. After 30 minutes 

stirring at room temperature the reaction mixture was purified though RP-

HPLC and lyophilized. Compound 218 (15.1) was obtained in 71% yield. 

HRMS (ESI+-TOF): m/z calcd. for [M+Na]+: 1503.6575 (monoisotopic), found: 

1503.6613. tR = 9.04 min. (λ=214 nm, 5-100% solv.B in 15’). 

 

 

 

 

 

 
Compound 219 

Compound 218 (6.2 mg, 4.2 µmol) was treated with a 

TFA/CH2Cl2 (1:1, 1 mL) mixture for 30 minutes at room 

temperature. The reaction mixture was added drop-

wise to ice-cold diethyl ether (10 mL), the obtained 

solid was filtrated, dried and used for the next step 

without any further purification. To a solution of the 

crude compound in a DMF/NaOAc buffer (pH 4.5, 40 

mM) (2:1, 800 µL) mixture, a solution of 196 (13.0 mg, 

4.6 µmol) in DMF (200 µL) was added, according to 

the general procedure for disulfide bridging (VI.3.7.). 

Compound 219 (14.4 mg) was obtained in 85% yield 

over two steps. ESI+-MS: m/z calcd. for [M+2H]2+: 2024.3 (average), found: 2024.5; calcd. for [M+3H]3+: 

1349.9, found: 1350.3; calcd. for [M+4H]4+: 1012.6, found: 1012.6; calcd. for [M+5H]5+: 810.3, found: 

810.3; calcd. for [M+6H]6+: 675.4, found: 675.4. tR = 7.03 min. (λ=214 nm, 5-100% solv.B in 15’). 
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VII. 
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Résumé : Conception et synthèse de glycoconjugués multivalents pour l’immunothérapie anticancéreuse 

Le cancer est l’une des principales causes de mort dans le pays développés ; bien que les opérations chirurgicales, la 
radiothérapie et la chimiothérapie représentent aujourd’hui les principales options de traitement des patients 
souffrants de tumeurs malignes, leurs effets secondaires sévères ont ouvert la voie au développement de 
l’immunothérapie antitumorale. A part l’immunothérapie passive, qui est basée sur les anticorps ou tout autre 
composant du système immunitaire synthétisés en dehors du corps dont la potentielle menace de réactions immunes a 
été prouvée, nous avons concentré nos efforts sur l’immunothérapie active, qui réside dans la stimulation du système 
immunitaire du patient pour éradiquer sélectivement les cellules malignes. L’identification d’antigènes carbohydrates 
associés aux tumeurs (TACAs), surexprimés à la surface des cellules cancéreuses, a permis le développement de vaccins 
spécifiques à ces antigènes. Il est connu depuis plus de 40 ans que la majorité des cancers chez l’homme sont 
caractérisés par une glycosylation aberrante. Les cellules tumorales peuvent surexprimer des versions tronquées 
d’oligosaccharides, une séquence terminale inhabituelle ou une augmentation de la sialylation des glycolipides et des 
glycoprotéines de surface. Un oligosaccharide d’une glycoprotéine tronqué peut rendre une partie de la chaîne 
principale du peptide, d’habitude caché par le sucre, plus accessible au système immunitaire. Parmi les différents 
TACAs, nous avons concentré notre attention sur les antigènes Tn et TF, qui peuvent être trouvés sur des glycoprotéines 
comme MUC-1, surexprimés sur plus de 90% des carcinomes du sein. Bien que la conception de ces 
immunomodulateurs repose toujours sur des règles empiriques, il est important de déclencher à la fois la réponse 
humorale et cellulaire, ainsi qu’un effet de mémoire. Ce défi peut être relevé en combinant, sur une seule molécule, 
l’antigène carbohydrate exprimés à la surface des tumeurs (épitope des cellules B), les peptides capables de stimuler les 
cellules CD4+ et CD8+ (épitopes des cellules T) et un adjuvant, pour recueillir tous les éléments du système immunitaire 
au niveau du site d’injection et renforcer l’absorption des antigènes. De précédentes études faites dans notre groupe de 
recherche ont publié pour la première fois la synthèse et l’évaluation immunologique d’un prototype de vaccin 
anticancéreux à quatre composant capable d’induire une réponse immunitaire de longue durée sur des modèles 
murins. Dans mon travail de thèse, nous avons voulu synthétiser des prototypes de vaccin anticancéreux basés sur les 
TACAs avec des propriétés immunologiques accrues. Notre stratégie de conception a été guidée par (i) l’importance 
d’une haute densité de carbohydrates pour promouvoir une capture d’antigène plus efficace et un traitement par les 
cellules présentatrices d’antigène, et (ii) l’expression hétérogène des TACAs au cours de la maladie et parmi différents 
patients. En respectant ces deux aspects, il sera possible de déclencher une réponse immunitaire plus forte et à 
plusieurs facettes.  

Abstract : Design and synthesis of multivalent glycoconjugates for anti-cancer immunotherapy 

Cancer is one on the leading causes of death in developed countries; although surgical resection, direct irradiation and 
cytotoxic chemotherapy represent nowadays the main treatment options for patients suffering with malignancies, their 
severe side effects paved the way for the rise in popularity of antitumoral immunotherapy. Apart from passive 
immunotherapy, which is comprised of antibodies or other immune system components that are made outside of the 
body and has been shown to be associated to potentially life threatening immune reactions, we focused our efforts 
towards active immunotherapy, which purpose is stimulate the patient immune system to selectively eradicate 
malignant cells. The identification of tumor-associated carbohydrate antigens (TACAs) on the surface of cancer cells has 
allowed the development of antigen-specific vaccines. It has been known for over four decades that the majority of 
human cancers are characterized by aberrant glycosylation. Tumor cells may over-express truncated versions of 
oligosaccharides, unusual terminal oligosaccharide sequences, or increase sialylation of cell-surface glycolipids and O- 
and N-linked glycoproteins. A truncated oligosaccharide of a glycoprotein may render a part of the peptide backbone, 
which is normally shielded by the glycan, more accessible to the immune system. Among the assortment of TACAs we 
focussed our attention on Tn and TF antigens, which can be found in membrane-bound glycoproteins like MUC-1, over-
expressed in more than 90% of breast carcinomas. Although the design of such immuno-modulators still relies on 
empiric rules, it is noteworthy important to trigger both humoral and cellular responses, and a memory effect. This 
challenge can be achieved by combining, within a single molecule, carbohydrate antigen expressed on the surface of 
tumors (B-cell epitope), peptides capable to stimulate both CD4+ and CD8+ T-cells (T-cell epitopes) and an adjuvant, to 
gather immune system elements in the injection site and boost the antigen uptake. Previous studies of our research 
group reported for the first time the synthesis and immunological evaluation of a four-component anticancer vaccine 
prototype capable of inducing a long-lasting immune response in mice models. In my PhD work we aimed to synthesize 
TACA-based anticancer vaccine prototypes with improved immunological properties. The principles which guided our 
design strategies rely on (i) the importance of a high density of carbohydrate epitopes to promote a more effective 
antigen capture and processing by antigen-presenting cells, and (ii) the evidence of heterogenic expression patterns of 
TACAs during the course of the disease and among different individuals. Addressing these two aspects would provide a 
stronger and multifaceted immune response.  

Key words: tumor-associated carbohydrate antigens (TACAs), cancer immunothereapy, click chemistry, 

multivalent glycoconjugates. 


