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ZUSAMMENFASSUNG

Bakterielle Polysaccharide, vor allem die, die am Aufbau der Bakterien-Kapsel beteiligt sind, werden
seit einiger Zeit zur Impfstoffentwicklung gegen Pathogene eingesetzt werden. Ublicherweise wurden
Impfstoffe aus Polysacchariden, die aus natirlichen Quellen isoliert wurden, hergestellt. Dazu stellen
Impfstoffe, die auf synthetischen Oligosacchariden basieren, eine Alternative dar, die die Moglichkeit
bietet, Impfstoffe mittels rationalem Design zu entwickeln oder schon bestehende zu verbessern.
Zugang zu ausreichenden Mengen hochreinen und genau charakterisierten Oligosacchariden ist die
Grundvoraussetzung fir die Durchfihrung von Studien, die das Ziel haben, die Struktur des
minimalen Zuckerepitops mit immunogenem Potential aufzuklaren.

Das Hauptziel dieser Arbeit ist die Entwicklung neuer Synthesewege, um Oligosaccharide, die die
Sequenzen kapsularer Polysaccharide (KPS) pathogener Bakterien reprasentieren, zu erhalten und
um minimale Epitope von Antikdrpern aufzuklaren. Das Ziel wurde durch Kombination von
verschiedenen synthetischen Methoden, darunter Flissigphasensynthese und automatisierte
Festphasensynthese, erreicht. Das finale Ziel dieser Arbeit war es, synthetische Polysaccharid-
Antigene, die fur die Entwicklung neuartiger semisynthetischer Glykokonjugat-Impfstoffe fur die
Anwendung am Menschen oder in Tieren genutzt werden kénnen, zu synthetisieren.

Im ersten Teil der vorgelegten Dissertation wird die Synthese von finf Fragmenten, die den KPS des
porzinen Pathogens Streptococcus suis Serotyp 2 zugeordnet werden kodnnen, mittels
Flissigphasensynthese beschrieben. Als Startpunkt wurden sieben Monosaccharid-Bausteine, die
geeignete Schutzgruppen tragen, genutzt, um durch eine Reihe von chemischen Glykosylierungen
und nachfolgender Manipulation der Schutzgruppen die Zielmolekile zu erhalten. Die so erhaltene
Bibliothek wurde genutzt, um Glykan-Arrays durchzufiihren, die die Bindungsspezifitdt von

Antikdrpern, die in Seren von mit Streptococcus suis Typ 2 infizierten Schweinen vorkommen,
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Schema I: Synthese der Streptococcus suis Typ 2 Glykan-Bibliothek.

Der zweite Teil dieser Arbeit beschreibt die Kombination von automatisierter Festphasensynthese mit

enzymatischen Glykosylierungen, um drei Fragmente, die den KPS von Streptococcus suis Serotyp




14 zugeordnet werden kénnen, zu erhalten. Diese Glykane sollen analog zu den oben beschriebenen

Experimenten ebenfalls durch Glykan-Mikroarrays evaluiert werden.
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Schema ll: Synthese der Steptococcus suis type 14 Glykan-Bibliothek.

Der letzte Abschnitt beschreibt die Synthese von Oligosacchariden, die den CPS von Streptococcus
pneumoniae 7F zugeordnet werden konnen. Sechs Oligosaccharide wurden mittels
Flussigphasensynthese synthetisiert und mithilfe von Glykan-Arrays untersucht. Die Mikroarrays
wurden mit humanem Anti-Pneumokokken-Serum getestet, um spezifische Sequenzen, die fir die

Antikdrper-Bindung wichtig sind, zu identifizieren.
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SUMMARY

Carbohydrates from bacteria, in particular polysaccharides constituting bacterial capsules, have been
used to develop vaccines against pathogens. Traditionally, these vaccines are made from
polysaccharides isolated from natural sources. As an alternative, vaccines based on synthetic
oligosaccharides offer the possibility of rationally designing new vaccines or improve the existing ones.
Having access to amounts of highly-pure and well-characterized oligosaccharides is fundamental for
performing studies aimed at understanding the structures of minimal sugar epitopes with immunogenic
potential.

The main objective of this work is the development of synthetic routes to obtain oligosaccharides
representing sequences of capsular polysaccharides (CPSs) from pathogenic bacteria to elucidate
minimal epitopes of antibodies. The aim was achieved via a combination of synthetic chemical
methods and employed both solution-phase and automated solid-phase techniques. The ultimate goal
was to design synthetic carbohydrate antigens useful for developing new semi-synthetic
glycoconjugate vaccines for human or animal use.

The first part of this dissertation describes the synthesis of five fragments related to the CPS of the pig
pathogen Streptococcus suis serotype 2 using solution phase chemistry. Starting from the synthesis of
seven monosaccharide building blocks bearing appropriate protecting groups, a series of chemical
glycosylations and successive protecting group manipulations gave access to the target compounds.
The obtained library was used to create glycan microarrays to evaluate binding specificities of
antibodies contained in samples of sera from pigs infected with Streptococcus suis type 2.
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Scheme IV: Synthesis of a Streptococcus suis type 2 glycan library.

The second part describes the use of a combination of automated solid-phase synthesis and
enzymatic glycosylations to synthesize three fragments related to the CPS of Streptococcus suis

serotype 14. These glycans will be evaluated in glycan microarrays experiments as described above.
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The Supplementary section describes the synthesis of oligosaccharides related to the CPS from the
human pathogen Streptococcus pneumoniae 7F. Six oligosaccharides were synthesized through
solution phase chemistry and used to create glycan arrays. Microarrays were screened with human
anti-pneumococcal sera, identifying specific sequences involved in antibody binding.
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CHAPTER 1

INTRODUCTION

1.1. STREPTOCOCCUS SUIS

Streptococcus suis is an important pathogen of swine, widely found in farm pigs all over the world and
is one of the main causes of bacterial infections?, therefore posing animal health and economic
concerns for today’s industrialized pig farming. S. suis was first isolated and described as the
causative agent of bacteremia, arthritis and meningitis occurring in animals during first weeks of life?4
as part of infection outbreaks in the Netherlands and the UK in the 1950s and 1960s. At the same time
the first reports of infection and death in humans surfaced®. During the following decades the
widespread distribution of this bacterium became more obvious as cases of infection in both pigs and
humans were reported in other European countries®?, Asia®10, Australial® and in North Americal?14, S,
suis is a commensal bacterium that commonly inhabits the upper respiratory, digestive and
reproductive systems of pigs,| ocal i zed mostly i n t h¥®% dlostammdlstase
healthy carriers of nonvirulent strains but some acquire virulent strains that can infect the bloodstream
eventually resulting in septic shock and most frequently meningitis. Mortality rates during infection
outbreaks have reached peak levels of 20%?*’. While S. suis is largely responsible for infections in
pi gs, t h es nataral hostriticanraléo cause disease in humans, leading mostly to septicemia
and meningitis. The majority of human infections occur in the southeastern region of Asials,
particularly Vietnam and Thailand, where it has been recognized as one of the main causes of
bacterial meningitis in adults®°. In Europe, infections are rare and are considered to be occupationally

related, affecting mostly farmers, butchers or veterinarians.

Streptococcus suis is a gram-positive coccus belonging to the group of encapsulated bacteria. The
bacterial cell wall is surrounded by a layer of polysaccharides forming the bacterial capsule. Based on
the chemical composition of the capsules 35 different serotypes of S. suis, named with progressive
numbers from serotype 1 to 34 plus serotype 1/2, have been identified so far, although six serotypes
have been suggested to belong to different species2%21. However, only a small number of the known
serotypes are considered virulent. According to recent reports2® serotype 2, 3, 7, 9 and 1/2 are the
most frequently isolated from infected animals and their distribution follows some geographical trends,
with serotype 2 being prevalent worldwide but especially frequent in Europe and Asia, while serotypes

3 and 9 were mostly reported in North America.

1.2. CAPSULAR POLYSACCHARIDES

Encapsulated bacteria are surrounded by a capsule, an extracellular shell of variable thickness linked
to the cell surface, detectable under a light microscope after application of appropriate staining

reagentsorupon fiswel | i ng%®. Bactertalhcapsules arebcelldlar eosnponents that play a

tonsi



fundamental role in the pathogen’s survival. Chemically they consist of a number of monosaccharides,
often negatively charged at physiological pH, organized in repeating units and forming a high
molecular weight hydrophilic polymer. This highly hydrated external layer coats the cell preventing
cellular dehydration, helping adhesion to surfaces and facilitating the formation of biofilms?23. Bacterial
capsules are also important virulence factors: during an infection the capsule interferes with the
immune system of the host, protecting the bacterium from mechanisms aimed at killing the invading
pathogen, thus increasing its virulence. When the host lacks specific antibodies, CPSs might confer
resistance to the host innate immune system. For instance, as demonstrated in the cases of
Staphylococcus aureus?*25 and Streptococcus pneumoniae?s, the capsule acts as a cover for several
components of the bacterial membrane, lipopolysaccharides or teichoic acids, which would promptly
activate the classical and alternative pathways of the complement system ultimately leading to cell
lysis. The capsule also confers resistance to phagocytosis, possibly impairing contacts with phagocytic
cells by displaying a negative charge at the surface?’. Finally, CPSs from some pathogens have been
suggested to counteract the activity of antimicrobial peptides?2.

Today it is widely established that CPSs, as the outermost antigen coming in contact with the host
immune system, are able to trigger an adaptive immune response resulting in the production of
specific antibodies. Therefore, these polysaccharides are attractive targets for the development of

antibacterial vaccines?.

1.3. CARBOHYDRATE VACCINES

Vaccines against bacterial pathogens can be broadly classified into different classes according to the
antigen used for their preparation: live vaccines made using live attenuated cells, inactivated vaccines
using inactivated killed pathogens, or subunit vaccines made using just a specific bacterial component
such as detoxified toxic proteins (toxoids), polysaccharides or glycoconjugates. In addition,

recombinant vaccines use genetic engineering to express defined bacterial antigens.

A large array of carbohydrates is displayed on the surface of many pathogenic bacteria, either as part
of cell envelopes, cell membranes or as extracellular materials such as capsules or slime layers. They
are key mediators of virulence mechanisms and cell surface antigens that can initiate immune

responses, therefore representing targets for the design of new bacterial vaccines.

1.4. CAPSULAR POLYSACCHARIDE-BASED VACCINES

It was not until the 1920s that carbohydrates, in addition to proteins, were considered antigens. The
earliest characterizations of capsular saccharides®?3! and immunizations of animals and humans32-34
were conducted using pneumococcal polysaccharides. These early experiments later evolved into
deeper evaluations of CPSs from Streptococcus pneumoniae3®, Salmonella typhi®® and Haemophilus
influenzae type b®’ as vaccine candidates, all eventually resulting in licensed and marketed vaccines

for human immunization.




All polysaccharide-based vaccines induce moderate to high levels of protection in adults. However,
they also suffer a significant limitation: polysaccharides alone are not able to induce a strong immune
response and immunological memory in young children, older adults and immunocompromised
individuals, the parts of the population that are most prone to bacterial infections32. This is the effect of
the T cell-independent nature of the immune response generated by plain polysaccharides, discussed
more in detail in Section 1.6.

Since the early years of research on polysaccharide-based vaccines, it has been noted that enhanced
immunogenicity and antibody response directed against the saccharide antigen could be achieved
upon conjugation of these saccharides to a protein3. The mechanism underlying this effect was at that
time unknown but it is now well established that these constructs can trigger a T cell-dependent
response, resulting in strong antibody production and immunological memory, when plain
polysaccharide vaccines fail. Despite these early findings, the strategy of saccharide-protein
conjugates (glycoconjugates) as vaccines was not thoroughly investigated until the 1970s. The last 40
years have seen extensive research in this field and several glycoconjugate vaccines are available to

protect against some of the most important human pathogens and more are being developed?.

1.5. GLYCOCONJUGATES AS NEW VETERINARY VACCINES

Animal vaccination represents an effective strategy for limiting disease and reducing the spread of
pathogens between animals and between animals and humans. Vaccination is currently common in
veterinary practice and animal husbandry. In particular, livestock vaccination is a powerful tool to limit
highly infectious diseases in farm animals and it can ultimately bring concrete socio-economic benefit
through overall improved production efficiency, reduced antibiotic consumption*! and a limited
occurrence of antimicrobial resistance*?. As an example, a recent study has shown that vaccination of
a large group of pigs in Denmark against the common pathogen Lawsonia intracellularis resulted in a
decreased use of antibiotics to treat related diseases by 79% without affecting production
parameters®. All antibacterial vaccines available for animals are still made from live attenuated or
inactivated bacterial cells*4, and therefore suffer shortcomings in terms of safety, stability and in some
cases limited immunogenicity42:44.45,

Significant advances in understanding the immune system, the pathogenicity of bacteria and viruses
and new technologies for vaccine production seen in the last decades, have translated into several
new generations of vaccines for human use. On the other hand, a similar development has not
occurred for veterinary vaccines. Progress in biomedical research has resulted in a shift in interest
toward new strategies in veterinary vaccination as well, such as the development of subunit
vaccines?*?4647_ |n this regard, glycoconjugates represent a largely unexplored opportunity*é. So far,
only very few studies have been reported describing the immunological evaluation of polysaccharide-
protein conjugates against porcine pathogens Actinobacillus pleuropneumoniae*®% and Streptococcus
suis®! and the ruminant pathogen Mannheimia haemolytica®2.

Widespread success was achieved through glycoconjugate vaccination in humans. Accordingly, new

research efforts could be oriented towards the development of glycoconjugate veterinary vaccines.




1.6. IMMUNE RESPONSE TO CARBOHYDRATE VACCINES

Mammals possess an elaborate immune system composed of cells and macromolecules that helps
them to fight and eliminate dangerous pathogens. Even though differences between animals
belonging to the same class (such as humans and pigs) exist, the global structure and mechanisms
are largely identical®3.

The immune system can be subdivided into the innate and adaptive branches. The adaptive branch is
a highly specific mechanism that, after exposure to a particular foreign (non-self) antigen displayed by
a pathogen, triggers mechanisms aimed at eliminating the infective agent and also results in
immunological memory, allowing for an immediate reaction of the immune system in case of a
subsequent exposure to the same microorganism. The main components of the adaptive system are
antibodies, B cells and T cells.

Vaccines induce protection against a specific pathogen by artificially stimulating the development of
adaptive immunity. The goal is the induction of antibodies of the IgG subclass and IgG-secreting
memory B cells®. IgG antibodies are high-affinity antibodies, secreted by plasma B cells, that can
mediate neutralization. As a result of their higher affinity they can effectively opsonize (coat) and ftago
the bacteria to ultimately facilitate phagocytosis. The IgM subclass typically displays lower binding
affinities and lower protective potential and therefore is less desirable.

Bacterial polysaccharides, like other large polymeric antigens, are commonly classified as T cell-
independent antigens, meaning that they activate B cells directly without the cooperation of T cells. In
a simplified depiction of the mechanism>55¢ they are recognized on the extracellular side of B cells by
saccharide-specific receptors (Fig. 1-1). Due to their polymeric multivalent character they bind several
receptors simultaneously causing cross-linking of the receptors and activation of intracellular pathways
that stimulate the B cells to maturate into plasma B cells, white blood cells capable of secreting large
amounts of antibodies, mostly of the IgM subclass. Moreover this mechanism does not allow for B
cells to maturate into memory cells, therefore no immunological memory is obtained. In young
children, possibly due to the inherent immaturity of parts of their immune system5758 these
mechanisms fail.

In contrast, in the case of glycoconjugates (Fig. 1-1), B cells can act as antigen-presenting cells
(APCs) and a T cell-dependent pathway is activated®%65°, The glycoconjugate can be recognized by
receptors of polysaccharide-specific B cells but in this case the antigen is internalized through
phagocytosis into endosomes. Here proteases and reactive radical species process and degrade the
peptide and carbohydrate moieties®®. Whether the products of degradation are just peptides,
glycopeptides, or both, is still debated and subject of ongoing research%%1, These smaller antigens
are then loaded onto major histocompatibility complex (MHC) class Il, a protein that is subsequently
transferred to the surface of the B cell. The MHC-antigen complex can now bind specific receptors on
T cells (also named T-helper cells). This interaction activates the T cell, provoking the secretion of
stimulatory cytokines which in turn activate the B cells and induce them into a complex process of
proliferation, differentiation and DNA mutations resulting in maturation into specific plasma cells able

to secrete polysaccharide-specific 1gG antibodies. These cells have a relatively short lifespan,




however, some B cells also become memory cells, long-lasting and ready to quickly initiate a new

response upon future exposure to the same specific antigen, providing lifelong immunity.
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Figure 1-1: Simplified mechanisms of immune activation from carbohydrate-based vaccines. A) Direct
activation of the B cell from plain polysaccharides leads to differentiation into IgM-secreting and short-
lived plasma cells. B) Polysaccharides as part of a glycoconjugate are recognized by the same receptor
but in this case the antigen is internalized. Fragments of the polysaccharide-protein conjugate are
presented on B cells as epitopes of T cells, activating a mechanism that leads to differentiation into
Memory B cells specific for that antigen and plasma cells producing antibodies of higher affinity.

Adapted from: Nature Reviews Immunology, 9, 213i 220 (2009).



1.7. GLYCOCONJUGATE VACCINE DEVELOPMENT

Glycoconjugate vaccines are composed of a protein carrier to which a poly- or oligosaccharide chain
is covalently linked, and an adjuvant to increase immunogenicity®. Carriers are proteins of bacterial
origin that retain peptide sequences representing T cell epitopes which are presented on MHC class I
and involve T cells, thus enforcing a T cell dependent mechanism and an effective adaptive immunity.
After years of clinical experimentation®?, five carrier proteins are available and licensed for use in
conjugate vaccines®3: CRMziez and DT (Diphtheria Toxoid) from Corynebacterium diphteriae, TT
(tetanus toxoid) from Clostridium tetani, OMPC (Outer Membrane Protein Complex) from Neisseria
meningitidis and HiD from Haemophilus influenzae. Some of them, DT and TT, represent active
ingredients in widely used diphtheria and tetanus vaccines.

CRMuo7 is the most well studied and well defined carrier used in recently developed glycoconjugate
vaccines. It consists of a modified version of DT in which a single amino acid mutation avoids its toxic
effect®4. Usually carbohydrates are covalently attached to the protein by exploiting the nucleophilicity
of e-amino groups of lysine residues exposed on the protein surface. Due to steric impediments and
their position within the secondary structure around one half of the total 39 lysine residues present in
the polypeptide chain are available for covalent bond formation with carbohydrates®> but commonly,
depending on the conjugation method employed, a maximum of around 10 saccharide chains are

attached per protein®s.

Almost all glycoconjugate vaccines are made from polysaccharides obtained from bacteria. Long
polysaccharide chains are normally depolymerized to obtain lower molecular weight polymers that are
more easily conjugated to proteins®”. A number of techniques can be employed to achieve this scope
such as chemical depolymerization (acidic or basic hydrolysis), physical methods (ultrasonication) or,
in a few cases, enzymatic degradation. Unfortunately, these treatments are often not specific, cutting
molecules at different glycosidic linkages and often resulting in the removal of functional groups such
as acetyl or pyruvate groups. The obtained saccharides are later fractionated to a narrower range of
molecular weights by using size-exclusion chromatography®s.

Following depolymerization, a step of chemical activation introduces electrophilic or nucleophilic
functional groups, often non-selectively at random positions along the chain®”.6°, to perform the
subsequent chemical conjugation steps. The most commonly employed conjugation method is
reductive amination®® to obtain a secondary amine from the lysine e-amino groups through the
aldehyde form of reducing-end aldose monosaccharides or via aldehydes produced through periodate
cleavage of diols on the sugar rings, or ozonolysis. This procedure presents the considerable
disadvantage of directly modifying the chemical structure of the carbohydrate, with possible
introduction of artificial epitopes. Cyanylation involves the reaction of the sugar with a mild cyanylating
agent to form cyanide esters that can react with amines to form stable O-alkyl isourea functionalities™.
Where present, carboxyl groups along the saccharide chain can be activated with coupling agents to
generate amide bonds. All these methods involve direct attachment of sugars to the protein.
Alternatively, linkers can be introduced at the reducing end of the sugar, allowing reaction of a

functionality on the spacer with lysines or acidic amino acids. Examples of such functionalities include




N-hydroxysuccinimide esters, squarate esters and adipic acid dihydrazides®®. Additionally, linkers can
also be introduced on the protein side. This allows for the use of other types of chemical strategies
such as cycloaddition and click-chemistry reactions?*.

Recently, studies have suggested that a more controlled attachment of sugars to precise amino acids
on the protein could have a positive impact on the response to the vaccine’. To achieve this, other
amino acids such as cysteine or tyrosine were functionalized”®74. These residues are not abundant but
allow for more chemoselective modifications. In the last ten years a new methodology has emerged,
based on a process named Protein Glycan Coupling Technology, or bioconjugation’ 76, The
glycoconjugate is produced in vivo by engineered Escherichia coli cells expressing both the
polysaccharide and the carrier protein; enzymes called oligosaccharyltransferases transfer the
saccharide chain with very high specificity onto a residue of the acceptor protein. The glycoconjugate

can be then purified from the cell lysate.

1.8. SEMISYNTHETIC GLYCOCONJUGATE VACCINES

As an alternative to the processes described in the previous section, glycoconjugate vaccines can be
manufactured from synthetic carbohydrates resembling portions of the native bacterial
polysaccharides. The latter methodology is still considered challenging and is not widely employed,
but it is generally believed that it has the potential to overcome some limitation of the former process
and provides several advantages?%72.77.78,

Costly large scale fermentations of bacteria’” and problematic purifications8®8l from mixtures
containing various biomolecules are avoided using this technique. As a result, the obtained products
are totally free from any possible biological contamination. Synthetic sugars can be easily conjugated
to proteins; introducing reducing-end spacers enables diverse conjugation chemistries to ensure
higher loadings or site-selective attachments®2. Moreover, in the conjugation process the original
structure of the carbohydrate remains intact and some functional groups often lost during isolation of
polysaccharides®384 are preserved. Due to higher control over the conjugation chemistry’?, physico-
chemical properties of the glycoproteins are maintained and reproduced between different batches.
The resulting glycoproteins are homogeneous molecules®?, rather than cross-linked constructs as in
the case of polysaccharides™. They contain sugar moieties with precise lengths and molecular
weights as opposed to more heterogeneous polydisperse polysaccharides®. The number of
saccharide chains attached to each protein can be more easily determined resulting in better
characterized glycoproteins.

Semi-synthetic glycoconjugates are also suitable to evaluate how some characteristics affect the
immunogenicity of the resulting vaccine’, such as the type of protein carrier employed, the identity
and length of the spacer and the saccharide-to-protein ratio. Most importantly, a precise correlation
between the chemical structure of the saccharide antigen and its effect on the protective response

induced by the vaccine can be derived.




A key step for the creation of an effective semi-synthetic glycoconjugate vaccine is represented by the
elucidation of minimal glycan epitopes, or glycotopes, the precise sequence of sugars that are
involved in binding interactions to immunoglobulins”.

Vaccines based on polysaccharides contain high-molecular-weight antigens, chemically and
conformationally equivalent to the natural antigen displayed on the bacterium and therefore contain
sequences representing B-cell epitopes eventually inducing antibody responses. On the other hand,
synthetic oligosaccharide antigens are shorter and less complex and must be designed to exactly
mimic these epitopes. According to an old hypothesis® minimal glycan epitopes are represented by a
minimum of one to a maximum of 6-7 monosaccharide units, based on the size of the antigen binding
pockets of antibodies. This found partial confirmation in recent studies®-8 where short linear sugar
sequences were identified as minimal epitopes.

Recently, some biochemical techniques directed towards detailed analyses of sugar-proteins
interactions have greatly evolved and nowadays represent powerful tools also in the field of
glycoconjugate vaccine development®. One of the most important technologies exploiting this

interaction is carbohydrate microarrays.

1.8. CARBOHYDRATE ARRAYS

Glycan microarrays are a technique that offers the possibility of studying interactions between
carbohydrates and carbohydrate-binding proteins in a high-throughput fashion®. Since the creation of
the first glycan arrays®92, many studies have focused on studying interactions between mammalian
carbohydrates and proteins®e. However, recently several bacterial carbohydrate arrays have been
created and have helped provide insight into binding specificities of bacterial carbohydrate-binding
proteins®495,

Glycan arrays are practically created by immobilizing sugars on the surface of microscope-size slides
through covalent bonds or non-covalent interactions®. Several types of commercially available slides
offer the possibility to exploit different immobilization strategies. Among these, glass slides modified
with a hydrophilic polymer coating functionalized with reactive groups such as N-hydroxysuccinimide
esters (NHS esters) are often used. This permits reactions with amino groups on sugars modified with
suitable linkers to form robust covalent bonds. Polysaccharides on the other hand can be adsorbed on
these surfaces through a combination of hydrophilic and non-hydrophilic interactions®?.

Under typical experimental conditions the layer obtained after immobilization displays carbohydrates
with a high surface density, maintaining at the same time a degree of flexible orientation%. Sugar-
binding proteins possess relatively low binding affinities, often in the micromolar range for a
monovalent binding, and therefore the high density of glycans at the surface ensures the achievement
of stronger bindings through multivalent interactions.

Immobilization is commonly performed using robotic equipment allowing for a miniaturized and highly
reproducible printing process consuming only very small amounts, nanomoles or even less, of the

carbohydrate sample and producing spots around 100 nm in diameter®,




A solution containing antibodies, commonly serum from humans or animals previously infected or
vaccinated, is applied after printing on the surface of the slide and with a subsequent washing step the
unbound proteins are washed away. Later the array is probed with a solution of a class-specific
secondary antibody conjugated to a fluorescent dye. After another washing, fluorescence is measured
in a scanner, giving an indirect detection of bound primary antibodies. After elaboration of the data, the
measured mean fluorescence intensities can be used to derive qualitative and in some cases

guantitative information on protein binding events®®.
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Figure 1-2: Typical glycan array workflow. a) Immobilization on the solid surface; b) incubation with an
antibody-containing sample followed by washing; c) incubation with a fluorescence-tagged secondary
antibody followed by washing; d) readout and data elaboration (image and graph were adapted from the
Supplementary section).

During glycoconjugate vaccine development, glycan arrays serve a double function: they can be used
to identify minimal glycan epitopes of antibodies from infected humans or animals, assisting in the
design of synthetic antigens, or they can be used after vaccination to detect the presence of specific
antibodies and monitor the magnitude of the immune response?.

The major limitation for glycan arrays analyses of complex bacterial sugars is still obtaining libraries of
carbohydrates that contain an appropriate number of compounds with sufficient structural diversity, in
order to maximize conclusions drawn from the experiment. To this end, chemical synthesis can
provide access to the necessary amounts of highly pure, well-characterized and structurally
homogeneous oligosaccharides.

1.9. METHODS OF OLIGOSACCHARIDE SYNTHESIS

Large collections of glycans for biochemical studies, some containing hundreds of compounds,
contain mostly sugars isolated and purified from natural sources®-97-%°, Importantly, small-sized but

more focused chemical libraries can be created by chemical synthesis. The scope of the experiment




determines which approach is more suitable to obtain the desired library®597. As already introduced in
Section 1.8, due to the high complexity of the bacterial glycomel®, bacterial oligosaccharide
analogues obtained by chemical synthesis are extremely useful tools for studying a variety of
processes in which these glycans are involved, among others recognition by antibodies to help
diagnostic applications or vaccine development.

The field of carbohydrate chemistry has seen major advances in the last decades!%-103, However,
despite significant improvements, more research efforts are needed to improve efficacy of synthetic
procedures and technologies in order to advance knowledge in the field of glycobiology%4. Three main
approaches for obtaining oligosaccharides can be employed: solution-phase synthesis, automated
solid-phase synthesis and chemoenzymatic synthesis. Often these approaches tend to be applied
separately depending on the target of the research project or the expertise of the research group.
Starting from an overview of principles of carbohydrates synthesis, the three approaches will be
discussed in the following chapters.

1.9.1. CHEMICAL GLYCOSYLATION REACTIONS

The most important chemical transformation in oligosaccharides synthesis is the reaction that forms
the glycosidic bond1%, In virtually all cases it is achieved by nucleophilic attack of a non-anomeric
hydroxyl group from a sugar residue (the glycosyl acceptor) on the electrophilic anomeric carbon of
another residue (the glycosyl donor) formed upon departure of a leaving group. An acetal is then
formed with two possible stereochemical configurations, alfa or beta configuration (Fig 1-3). The
product with axial configuration is generally viewed as lower in energy due to the Edward-Lemieux
effect, or anomeric effect%, Different models have been proposed to explain this effect but the true
reasons behind it are still a matter of debatel®”.

Glycosylations display intricate mechanisms08109 the same transformation can proceed through
several discrete pathways and more than one mechanism might occur at once. According to current
understanding, the proposed mechanisms range through a whole spectrum from Sn1-like to Sn2-like
reactions, going through contact ion pairs, solvent-separated ion pairs and covalent adducts108110-112,
Multiple factors are involved in determining the mechanism: type of leaving group, activator, solvent,
temperature and additives!'3. Consequently, it is practically difficult to control which mechanism is
operating under given conditions. A simplified mechanism is generally depicted as follows: the leaving
group is first activated by interaction with the activator, then following its departure a cationic species
is formed, which is attacked by the nucleophilic hydroxyl. An irreversible deprotonation leads then to
the formation of the glycosidic bond. Under most employed conditions the final products are not
interconverted through equilibrium and therefore no thermodynamic control can be established'?,
however, exceptions exist114.115,

The cationic intermediate can be viewed as a secondary carbocation (glycosyl cation) stabilized by
delocalization from the adjacent oxygen, producing a resonance form of an oxonium ion. The true
nature of this intermediate and even its existence has been subject of debate and research for over 30

yearsllB—lZI_
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Figure 1-3: Generic mechanism of a chemical glycosylation and most common combinations of leaving
groups (LG) and activators (A) presently employed.

Several classes of functional groups are employed today as appropriate leaving groupsi®s. The most
commonly employed groups are imidates, thioethers, phosphates and halides (Fig 1-3). These leaving
groups necessitate an activator that facilitates breakage of the bond with the anomeric carbon. The
type of promoter used is determined by the chemical nature of the leaving group and is often a Lewis
or Brgnsted acid. The choice of leaving group affects the synthetic route. Some are introduced at an
early stage as stable functional groups and are maintained throughout several steps, such as in the
case of thioethers. Others T imidates or phosphates i are more reactive and must be introduced with
an additional step just before the glycosylation.

Regioselectivity in oligosaccharide synthesis is a challenge that arises from the chemical nature of this
class of compounds. Carbohydrates are polyhydroxyaldehydes or ketones and in solutions form
pyranose or furanose rings through their cyclic hemiacetal form, displaying several hydroxyl groups
with almost identical nucleophilicity. In practice, differences in nucleophilicity exist but are rarely
differentiated directly in glycosylations®. Hydroxyl groups or other nucleophilic functionalities are
usually masked with protecting groupst® through a complex stepwise sequence in which differences
of nucleophilicity and steric hindrance are exploited to achieve regioselective installation of different
groups at distinct positions of the sugar ring. A careful balance of orthogonalities between different
protecting groups ensures that one single hydroxyl group will be exposed and used in the formation of
the glycosydic bond. Later, upon selective removal of another group a hydroxyl at another position on
the same or another sugar unit will become a nucleophile for a subsequent glycosylation. The choice
is greatly complicated by the fact that protecting groups can either positively or negatively affect the
reactivity of the reaction partners through electronic effects!??-124, Stereoselectivity is also affected by
other protecting-group related effects: steric or conformational constraints 125126 or anchimeric
assistancel%,

Careful design of protected monosaccharide building blocks is crucial'®®. As a general strategy,
hydroxyls which will be used as nucleophiles in glycosylations or will be involved in later-stage

modi fications are protected wit hesfers,ecantpratesaacgtaisopr ot ect i
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silyl ethers. Hydroxyls neighboring anomeric centers are protected with ester groups to exploit

anchimeric assistance in case a 1,2-trans configuration is required, otherwise as ethers. All other

hydroxyls are converted into fipechemacallginertbenzylrethersect i ng

and removed simultaneously in a late or terminal stage of the synthesis.

The introduction of protecting groups greatly reduces hydrophilicity of protected carbohydrates. For
this reason, together with the fact that nucleophiles interfere with glycosylation, reactions need to be
performed under an inert atmosphere in apolar aprotic solvents, commonly dichloromethane or
toluene, with use of molecular sieves. Mixtures of solvents including ethers or acetonitrile are

employed in order to exploit solvent participation in some specific transformations.

Stereoselectivity is of superior importance in glycosylation reactions!%. Two distinct situations can be
identified: glycosidic bonds can be in a trans relationship with the neighboring group in position 2 or
conversely in a cis relation. In the fomer case very high, often complete stereochemical control can be
obtained in their formation through anchimeric assistance (neighboring group participation) offered by
ester or amide functionalities at the neighboring positon on the donors. This approach is commonly
employed to install b glycosidic bonds on sugars of the D-gluco and D-galacto configurations and a
glycosidic bonds on D-manno and L-rhamno derivatives.

Oppositely, the introduction of 1,2-cis glycosidic bonds represents a much larger synthetic challenge.
Several strategies to improve stereochemical control have been developed by carbohydrate chemists
over the years'?’, although none of them of a level high enough for general application. Solvent
effects, remote anchimeric assistance, chiral auxiliaries, conformational strain or variations in the

electronic properties of the acceptor are just some examples of such methods (Fig. 1-4).

12

C



A)

(@]
WN“

i o | 0O

Lo o=
o |

Ester, Amide, acyloxonium ion 1,2-trans only

Carbamate, Carbonate

el

o O
%OY&
Orthoester (reversible)
B)
+ Et Et
o o
WOLG > N /C‘)\ . Q ('3\ N O solvent
N ‘ Et / + Et participation
. R ! N R
[ ) u:
Nu
Ether, Azide
o
OAc \\( . OAc
o) oO 0 remote acyl!
OoLG —— — participation
R N Nu: RNu
OBn + Nu: OBn
Ph—~0 Tf,0 o > O ' Ph—Y-0
RN R L T e RN
~Ph O oTf
- - f-mannosylation via
M triflate intermediates
tBu [ tBu e 1 tBu
U S U
tBU\Si\ /S\'/$Me tBU\Si\
VO o O Me VO
o} + o}
0 sgt %& Nu: — O silylene-directed
= L \_/ J L a-galactosylation

Nu

NH \ :TO; P '
0 wO(“lCCIS oy NEt . O chiral
;ﬁ le) auxiliary
o a0 RO
Ph\.\\/SEt Nu

Figure 1-4: Selected examples of strategies to achieve stereoselective control over formation of A) 1,2-
trans and B) 1,2-cis glycosidic bonds.

When planning an oligosaccharide synthesis, retrosynthetic analyses are facilitated since
disconnections at glycosidic bonds are obvious. They must follow a fibubl dchkhg oriented
approach’® si nce sugars are r ead.idndmoatwsymthdtiadifdre arefidadeted a | poo
towards their functionalization with protecting groups. As a result of all these considerations,
oligosaccharide syntheses often involve a number of chemical steps comparable to the most complex
syntheses of natural products'?®, although the variety of chemical transformations is typically more
limited. Finally, in most of the described synthetic routes amounts of oligosaccharides obtained are in
the range of milligrams, enough for basic research or pre-clinical studies, but larger amounts needed

for successive developments can be obtained through scaling-up*°.
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1.9.2. AUTOMATED SOLID-PHASE SYNTHESIS

Similar to peptides and oligonucleotides, oligosaccharides are chemical compounds constituted by
multiple repetitive units and can be assembled blockwise with a linear synthetic approach®. In the
case of the former compounds, methods for solid-phase synthesis executed by automated systems
are well established and widely employed!31132, On the contrary, automated solid-phase of
oligosaccharides is a fairly recent technique. The first automated systems for carbohydrate synthesis
were developed in the earliest years of this century!33, despite the earliest studies of solid phase
synthesis of carbohydrates date back to the 1970s134,

In solid-phase oligosaccharide synthesis, carbohydrate chains are synthesized on the surface of a
solid support consisting in resin beads (Fig 1-5). The resin is typically functionalized with appropriate
linkers offering nucleophilic sites for creating chemical bonds with monosaccharides through
glycosylation. Similarly to peptide synthesis, the carbohydrate is protected on one hydroxyl group with
a temporary protecting group such as Fmoc. After a step of selective deprotection by using a mild
base, nucleophilic hydroxyls on resin-bound acceptors are exposed and subsequent glycosylations
can attach another monosaccharide unit. In case branching needs to be introduced along the chain,
an orthogonal protecting group such as a levulinyol ester is placed on a specific hydroxyl group of the
sugar residue and can be cleaved to give a site for a second glycosylation. The sequence is repeated
cyclically until the desired composition of the growing chain is reached. Afterward, the resin is
separated from the reaction mixture and subjected to a chemical treatment that results in cleavage of
the bond between the compound and the resin, releasing protected or semi-protected
oligosaccharides to the solution phase. If needed, further purification can be performed with
chromatographic techniques. Deprotection steps such as deacylations and hydrogenolysis are usually
performed in solution phase.

The main advantage commonly attributed to solid-phase synthesis is that high overall yields can be
obtained for long synthetic sequences. This is achieved mainly by using a large excess of donor in
each glycosylation. Reactions can theoretically be driven towards completion reducing the formation of
side-products, namely incomplete sequences arising from unsuccessful glycosylations. Several
chemical steps (glycosylations, capping, deprotections) are performed sequentially as a single
process and intermediate purifications are avoided since the excess of reactants is simply removed by
washing steps. The final result is a more time-effective synthesis.

Automated synthesizers® can execute the entire assembly of the oligosaccharide from building
bl ocks, Il i mi ting t heenochpnerk aperationd mvolventtterefore gymhesisoohthe

protected donors and, after the automated synthesis, deprotections and purifications.
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Figure 1-5: Schematic representation of a solid-phase synthesis of oligosaccharides.

The resin employed for automated glycan assembly (AGA)®° is typically Merrifield resin (polystyrene-
divinylbenzene cross-linked polymer), insoluble, inert in all reaction conditions and able to swell in the
most common organic solvents.

Several classes of linkers have been employed: the most practically useful for AGA are
photocleavable!®®, methatesis-labile!3® and base-labile linkers3’. The photocleavable linker has found
most application (Fig 1-5). It is an ortho-nitrobenzyl-type linker cleavable by near-UV light irradiation in
a photochemical reaction that gives optimal results when performed in a continuous-flow reactor’ss,
These conditions are compatible with the survival of all protecting groups on the synthesized product.
Moreover, after cleavage it leads to an aminopentyl spacer attached to the reducing-end
monosaccharide, allowing for further use of the oligosaccharide in applications such as protein
modifications, glycan microarrays or nanoparticle synthesis. Complementary to this, a photolabile
linker that furnishes an unfunctionalized reducing-end sugar was recently developed!®®. Thereby,
compounds can be obtained for applications where unnatural spacers are not needed and for further
use of the products as donors in successive synthetic sequences.

Considerations regarding stereoselectivity issues in chemical glycosylations parallel those
encountered in automated solid-phase synthesis. No general solution for stereoselective 1,2-cis
glycosylations can be applied. However, strategies for some cases have been identified'® and mostly

rely on remote anchimeric assistance of protecting groups.

Optimized protocols for glycosylations using rare sugars often found in bacterial glycans are yet to be
explored, together with the possibility of introducing functional groups by performing oxidations,
reductions or nucleophilic displacements. The main bottleneck is represented by the long multistep
syntheses required to access appropriate amounts of building blocks. Developments in this sense can
be expected if in the future more semi-protected carbohydrates will increasingly become commercially
available. For these reasons, syntheses of complex bacterial carbohydrates are still better performed
using traditional solution-phase chemistry, where also more complex convergent syntheses can be

performed2®, However, provided the availability of automated synthesizers, solid-phase synthesis can
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be considered the fastest choice for obtaining libraries of bacterial oligosaccharides of low and

medium complexity.

1.9.3. ENYZMATIC SYNTHESIS

In nature, glycosidic bonds are formed with complete regio- and stereoselectivity by enzyme
catalystsl, Two classes of enzymes have potential for use in oligosaccharides synthesiso4;
glycosidases (or glycosyl hydrolases) and glycosyltransferases. Glycosidases catalyze hydrolysis of
glycosidic bonds through stereochemical inversion or retention with respect to the original
stereochemistry of the donor. In the case of retaining glycosidases, they can perform
transglycosylation by accepting an alcohol as acceptor instead of a molecule of water. These enzymes
have not been employed extensively for synthetic purposes!®. However, synthetically useful mutated
variants of glycosidases have been recently created. Glycosynthases are retaining hydrolases
obtained by site-directed mutagenesis!*?; substitution of one single nucleophilic residue in the active
site allows irreversible glycosylations using glycosyl fluorides as donors.

Glycosyltransferases are more frequently employed in chemoenzymatic synthesis®4143, Most
enzymes of this class catalyze the transfer of one monosaccharide unit, activated as sugar nucleotide,
to an acceptor which consists often in a glycoside, to create oligo- and polysaccharides, or an
aminoacid residue, to start sequences of N- or O-glycans on glycoproteins#t. Similarly to hydrolases,
they are known to give either inverting or retaining stereochemical outcomes but detailed mechanisms
for some of these enzymes are less clearly understood!43. Glycosyltransferases guarantee higher
yields and complete stereoselectivity at the expense of a higher specificity for the substrates they can
accept!®3, therefore limiting their synthetic scope to structures resembling products they generate in
vivo. Structural variation on the acceptor can be tolerated to a certain degree, especially by bacterial
glycosyltransferases, while the use of unnatural sugar donors might result in a loss of activity#4.
Glycosyltransferases have been employed in several syntheses of human glycans!®4145 and
glycopeptides'*6:147, Recently, automated systems able to perform fully enzymatic oligosaccharide
syntheses are being developed!#8.

Arguments in favor of chemoenzymatic approaches can be briefly summarized as follows: enzymatic
reactions are completely regio- and stereoselective due to the high specificity of the catalyst; they are
performed in water solutions in very mild conditions; syntheses are more straightforward as they are
not based on protection-deprotection sequences. On the other hand, limited availability and cost of
both enzymes and sugar nucleotide donors are major drawbacks that still limit the widespread use of
this methodology.

Due to the previously mentioned factors, especially the Ilimited substrate scope, complete
chemoenzymatic approaches for total synthesis of bacterial oligosaccharides seem impractical. The
use of enzymes can be considered a complementary solution to solve stereoselectivity issues
encountered in specific glycosylations within complex synthetic routes. The most representative
example is sialylated oligosaccharides. A general solution to obtain full stereoselectivity in the

formation of sialosides by chemical synthesis has not been developed. The use of sialyltransferases,
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where applicable, represents a powerful method for obtaining this class of compounds!4®. Examples of
syntheses using combinations of solution-phase!#®151 or automated solid-phase synthesis!52 and
enzymatic sialylations with sialyltransferases have been described. Such approach was pursued also
in this work as described in Chapter 3.

1.10. AIMS OF THE THESIS

The overall goal of this work was to contribute to the rational design of new glycoconjugate vaccines
with the use of synthetic organic chemistry tools. Small focused libraries of oligosaccharides related to
capsular polysaccharides of pathogenic bacteria were synthesized and can be employed to elucidate
minimal epitopes of anti-carbohydrate antibodies in glycan microarray experiments. Synthetic
oligosaccharides emerging as hits from these experiments can be chemically conjugated to carrier
proteins and the immunogenic properties of the resulting glycoconjugates evaluated in animal models.
In particular, research was carried out on two main serotypes of Steptococcus suis, an important pig
pathogen for which an effective vaccine is not currently available. Synthesis routes designed to obtain
five oligosaccharides related to the CPS of S. suis serotype 2 are described in Chapter 2. The
synthesis of three oligosaccharides related to the CPS of S. suis serotype 14 is described in Chapter 3
and was accomplished with different chemical approaches. Finally, the Supplementary section
describes the synthesis of sub-structures related to the CPS from the human pathogen Streptococcus
pneumoniae 7F. The library of compounds was screened in a glycan array experiment and used to

identify  structural elements of a minimal glycan epitope of human antibodies.
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CHAPTER 2

SYNTHESIS OF OLIGOSACCHARIDES RELATED TO STREPTOCOCCUS SUIS
SEROTYPE 2 CAPSULAR POLYSACCHARIDE

2.1. STREPTOCOCCUS SUIS SEROTYPES

To date, 35 different serotypes of Streptococcus suis have been identified. The subdivision of the
species into serotypes is based on the diverse chemical compositions of bacterial capsules. As
mentioned in Section 1.1, serotype distribution follows geographical trends, but according to the most
recent report??, serotype 2 is the most often found in diseased pigs worldwide, followed by serotypes 9
and 3. Moreover, serotype 2 is the most common serotype causing human infections globally2°.

In recent years, S. suis has gained recognition as an important animal pathogen and a number of
studies aimed at determining structures of CPSs from important serotypes have been carried out!41.153-
155 By using a combination of NMR experiments, CPS structures of the major serotypes have been
elucidated and are shown in Fig. 2-1.
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Figure 2-1: Chemical structures of CPSs from common S. suis serotypes.

As commonly observed with other encapsulated bacteria, the CPSs of S. suis are polysaccharides of
high complexity. They normally include rare sugars, a variety of glycosidic linkages, often anionic
charges and sometimes peculiar functional groups such as acetyls or phosphodiester bridges.
Interestingly, a high structural similarity was found between the structures of serotypes 1, 2, 1/2 and
14.
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2.2. SEROTYPE 2 CAPSULAR POLYSACCHARIDE

The structure of the CPS from serotype 2 was determined in 2010%% and consists of branched
heptasaccharide repeating units of sequence [Y 4)[a-Neu5Ac(2Y 6)-b-D-Gal(1Y 4)-b-D-
GIcNAC(1Y 3)]-b-D-Gal(1Y 4)-[a-D-Gal(1Y 4)]-b-L-Rha(1Y 4)-b-D-Glc(1Y ] (Fig. 2-2). Four sugars
constitute the backbone of this polysaccharide and a b1Y 4 glycosidic linkage between glucose and
galactose within this sequence connects the repeating units forming the polysaccharide. A
trisaccharide side-chain is connected to the backbone and consists of a lactosamine (galactose linked
1Y 4 to glucosamine) terminating with an N-acetyl neuraminic acid (Neu5Ac) linked a2Y 6 to
galactose.

This polysaccharide presents structural and composition similarities to CPSs from Group B
Streptococcus (GBS), for example in the backbone sequence b-Gal(1Y 4)-b-L-Rha(1Y 4)-b-D-Glc,
identical to GBS type VI, and the peculiar sialylated side-chain present also in several GBS
serotypes. However, S. suis serotype 2 displays Neu5Ac linked to galactose with an a2 Y 6

connectivity rather than a2 Y 3
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Figure 2-2: Characterized structure of serotype 2 CPS repeating unit.

Sialic acids are a family of nine-carbon sugars widely present as terminal residues in glycoconjugates
on the surfaces of mammalian cells, but a small number of pathogenic bacteria also possess them in
their surface!®®. The reason behind the presence of glycans resembling mammalian antigens on
bacteria is not fully understood but hypotheses have been advanced. The presence of sialic acids
could be useful for the survival of the pathogens, since the mimicking of host self antigens retards
activation of the immune system and hides underlying antigens from recognition%. It has been
demonstrated that the CPS from serotype 2 is fundamental for its virulence as it can prevent

phagocytosis when the bacterium infiltrates the bloodstream?%.

2.3. CAPSULAR POLYSACCHARIDE AS VACCINE TARGET

Over the last three decades vaccine candidates against S. suis serotype 2 have been proposed?!®8,
The first serotype-specific vaccines to be evaluated were killed whole-cell formulations and these
vaccines showed unsatisfactory results. Very low or undetectable levels of antibodies were produced
and no significant protection from infection was observed in pigs'®8. Several subunit vaccines made
from proteins were proposed and tested for their immunogenic properties with different adjuvant

systems®>® put few were thoroughly investigated for protection in vivo'®®. These vaccines have
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potential for cross-protection, as some proteins are expressed in several serotypes, but stronger
evidence has yet to be given.

Between the antigen candidates, the CPS is considered the most promising'%8160. Despite being
poorly immunogenic, low levels of anti-CPS antibodies were seen in pigs after infection16l or
immunization!®, it can induce protective antibodies62.163 for the most part of the IgM subclass. These
observations led to a study in which for the first time a glycoconjugate as vaccine against S. suis
serotype 2 was evaluated®!. Capsular polysaccharides isolated from bacterial fermentations were
depolymerized and linked via reductive amination to tetanus toxoid (TT). The resulting glycoconjugate
was evaluated in immunization experiments in mice and pig models. When the immunogenicity was
tested, it was found that significantly higher antibody titers were induced in both models by vaccinating
with the conjugate vaccine compared to the plain CPS. Importantly, production of high-affinity 19G
antibodies was observed. The induced antibodies were useful to achieve protection: their protective
capacity was demonstrated with an opsonophagocytic killing assay (OPA), a technique that assesses
the ability of antibodies to induce bacterial killing in vitro, which can correlate with protection in vivo. As
final proof, in a challenge study pigs that received immunization with the glycoconjugate vaccine
showed good levels of protection against a systemic infection. The results in terms of survival levels
were, however, not significantly different from those conferred by an inactivated whole-cell vaccine.
This important study represented the first proof-of-principle study evidencing that the poorly-
immunogenic nature of the native CPS can be overcome and that protection against S. suis can be
achieved by active immunization with a glycoconjugate vaccine. Even though the achieved results
were not optimal, the study left room for improvement since several parameters can be reconsidered.
Some variables that are likely to influence the outcome of vaccination are the type of protein carrier, a
different conjugation strategy, and different sugar-to-protein ratios. Moreover, the structure of
carbohydrate epitopes responsible for the production of protective antibodies is still unknown. The
elucidation of such structures serves as the basis for evaluating structure-immunogenicity
relationships and designing optimized carbohydrate antigens. Few studies were conducted in this
regard and relied on analyses performed using the native CPS, and produced inconclusive results. It
was first found that after removal of sialic acid residues from the native CPS by hydrolysis, either a
monoclonal antibody or polyclonal mouse serum maintained their ability to bind the CPS. This
suggested a non-prominent role of the sialic acid in the epitope of such antibodies®4. In a subsequent
study?®2 on cross-reactions between structurally related CPSs from serotypes 1, 2, 1/2 and 14 (Fig. 2-
3) it was noted that a polyclonal rabbit sera against serotype 2 was able to recognize to a lower extent
only the CPS from serotype 1/2. The latter is almost identical to serotype 2 except for an N-acetyl
galactosamine residue on the side-chain replacing the galactose. In addition, this serum recognized
only weakly the desialylated CPS. No cross-reaction was observed with serotype 14, containing a
different backbone and an identical side-chain. These results suggested that the side-chain, including
the sialic acid, is possibly an important sequence forming epitopes of the predominant antibody
population and that anti-backbone antibodies were rare. However, the lack of cross-reactivity with

serotype 14 was seen as a sign of conformational differences affecting the binding.
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Figure 2-3: Cross-reactivity of anti-serotye 2 polyclonal rabbit serum as observed in Ref. 153.

Later, the same approach was followed to study epitopes of monoclonal antibodies generated after
immunization of mice with the above described serotype 2 glycoconjugate!s. After examining cross-
reactions between serotypes 1, 2, 1/2 and 14, an unclear specificity pattern emerged as three IgM
antibodies showed different cross-reactivities and one 1gG showed no cross-reactions. In this case, all
antibodies did not recognize the native CPS if the sialic acid residues were hydrolyzed and the authors
concluded that the sialylated side-chain represents a dominant sequence of antibody epitopes. In
addition, monoclonal antibodies were evaluated for their protective potential with passive immunization
in mice and significant levels of protection were noted only with two antibodies at high doses.

The empirical evidence obtained from these studies can be confirmed and brought to a more detailed
level by using synthetic oligosaccharides related to the CPS, which can help a more exact

determination of antibody epitopes.

2.4. RESULTS AND DISCUSSION

Five fragments of the repeating unit of serotype 2 CPS were designed in order to obtain detailed
structural information of antigenic epitopes of antibodies from S. suis-infected pigs. To determine
whether antibody binding involves specific parts of a repeating unit to different extents, three shorter
fragments were included. They represent two distinct portions obtained by ideally cutting the
heptasaccharide shown in Fig. 2-4 unit along the D-B (bGalY bRha) linkage. Trisaccharide 2-1
represents the backbone sequence up to the a galactose residue, while compounds 2-2 and 2-3
represent the side-chain. To evaluate if the sequence to which antibodies bind is more extended and
structurally more complex, pentasaccharide 2-4 and hexasaccharide 2-5 were also included in the
library. These oligosaccharides cover almost entirely the length of one repeating unit and represent
branched sequences. Compounds 2-2 and 2-4 differ from 2-3 and 2-5 respectively only in the
presence of a terminal N-acetyl neuraminic acid. This difference could be used to determine if this

sugar is directly playing a role in the binding.
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All the compounds were synthesized carrying an aminopentyl spacer at the reducing end sugar, a
linker commonly used in carbohydrate chemistry to obtain compounds ready for creating microarrays

or for protein conjugations.
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Figure 2-4: CPS repeating unit and synthesized sub-structures.

Since the repeating unit of this CPS is composed by five monosaccharides (D-Glc, D-Gal, L-Rha, D-
GIcNAc, D-Neu5Ac), all connected through different glycosidic linkages, a minimum number of seven
orthogonally protected monosaccharide building blocks, shown in Fig. 2-5, were identified as targets.
Two 1,2-cis glycosidic bonds, a branching point on L-rhamnose, together with the a sialyl linkage,
constituted considerable synthetic challenges. Some of the building blocks from this initial set were
later substituted or adapted as described in the following Sections. Monosaccharide donors 2-6, 2-9,
2-10 and 2-11 were commercially available while other building blocks were prepared by chemical

synthesis.
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Figure 2-5: Initial set of building blocks.

The b rhamnosidic and the a sialyl linkages represent two particularly difficult bonds to be formed
through chemical synthesis. b Rhamnosidic linkages are fairly uncommon in natural carbohydrates
and a limited number of syntheses of rhamnose-containing bacterial oligosaccharides have been
reported. Several strategies to provide stereocontrol in chemical rhamnosylation have been explored,
including solvent effects%6, promoter effects!6?, unusual protecting group patterns on donors67.168  and
special acceptors giving unconventional mechanisms?'%°. However, most studies report glycosylations
with structurally simple acceptors and none of them have resulted in a universal methodology
applicable to the synthesis of more complex oligosaccharides.

Recently, another strategy for the formation of 1,2-cis glycosidic bonds was introduced and relies on
the effect of protecting groups in the form of esters or ethers of pyridine derivatives'’0. According to
the proposed mechanism, the nitrogen atom on these groups acts as a hydrogen bond-acceptor. In
apolar solvents donor and acceptor can reversibly form pairs connected through a hydrogen bond
between the hydroxyl group of the acceptor and the pyridine nitrogen on the donor. The directionality
of the hydrogen bond consequently orients the approach of the nucleophile from one of the two faces
of the oxocarbenium ion formed upon donor activation, resulting in the formation of a glycosidic bond

cis with respecttothe ori entati on of the Adirectingo eondup.
medi ated aglycone del i vsteregsélectiaatydormnwlag2scis gycgsiticoborelsifort o

both glucose and mannose. Recently, syntheses of oligosaccharides containing b rhamnose have
employed this methodology and showed high stereoselectivities’1172, demonstrating the relevance of
this method for forming this glycosidic bond.

Similarly, a method for completely stereoselective formation of a sialyl glycosidic bonds is lacking.
Sialylation represents perhaps the most complicated chemical glycosylation'”® for a combination of
reasons: sialic acid donors do not have a hydroxyl neighboring the anomeric center so no anchimeric
assistance can be exploited; upon donor activation the oxocarbenium ion is destabilized by the

neighboring electron-withdrawing ester and the attack of the nucleophile must occur on a sterically
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