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Abstract

Avre there general rules to achieve efficient immunization against carbohydrate antigens? Thanks
to technological advances in glycobiology and glycochemistry we entered in a new era in which
the rational design of carbohydrate vaccines has become an achievable goal. Aim of this Tutorial
Review is to present the most recent achievements in the field of semi and fully synthetic
carbohydrate vaccines against viruses, bacteria and cancer. It is also pointed out that the
understanding of the chemical and biochemical processes related to immunization allows the
modern chemist to rationally design carbohydrate vaccines with improved efficiency.

1. Introduction: Sugar chemistry and immunology

Among the most abundant molecules found on the cell surfaces of bacteria, parasites, and
viruses are carbohydrates.! This explains why sugar-protein molecular recognition processes
have pivotal roles in infections and in immune response to pathogens. Invading
microorganisms use surface-exposed carbohydrate and protein molecules to adhere to target
surfaces in order to withstand natural fluxes and perturbations. This initial adhesion step is
considered essential for colonization and infection by pathogenic bacteria.2 On the other
hand, host organism senses the presence of infectious agents through protein receptors that
recognized specific pathogen associated molecular patterns (PAMP), often constituted by
sugars. These Pattern Recognition Receptors (PRR), also named Toll-like Receptors (TLR),
trigger the so-called innate immunity response that in turn activate adaptive immunity.3 In
other words, sugar-protein interactions are used by both pathogens to adhere to tissues and
infect host, and by the immunity apparatus of host organism to fight against infection.

The possibility to target such sugar-protein specific recognition events with small organic
molecules containing carbohydrates suggests that sugar chemists can cooperate with
immunologist to the development of increasingly potent and selective anti-infective drugs.

The design of high affinity sugar ligands for protein targets is not a simple task because
protein-sugar interaction is weak when a single mono- or oligosaccharide (glycan) interacts
with a protein, and dissociation constants in the range of mM are generally observed.
Experimental observations and theoretical calculations indicate that the decrease in entropy
that accompanies most sugar/protein interactions explains the low affinity. Significant
negative entropy variation is due to loss of oligosaccharide conformational flexibility and
reorganization of water molecules upon complex formation. The assembly of multiple
glycans in the same molecule, thus obtaining a glycocluster or multivalent glycan, creates a
high-avidity interaction with protein binding site(s) often reaching nM dissociation constant
values. The so called “cluster glycoside effect” operates in protein-carbohydrate
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interactions in living cells, and can be reproduced in synthetic multivalent carbohydrate
ligands which bind efficiently to protein targets. The possibility that multiple simultaneous
interactions have unique collective properties that are qualitatively different from properties
displayed by their constituents, that interact monovalently, suggested new strategies for the
design of drugs and research reagents for biochemistry and biology. Synthetic clustered
glycosides are biomimetics of natural glycoclusters because they imitate the complex glycan
structures found on the surface of cells, and are therefore efficient protein ligands.
Glycoclusters have been designed and synthesized to interfere in an array of biological
processes, and their synthesis and properties have been exhaustively reviewed in this themed
issue. .In this Tutorial Review the role of glycoclusters in vaccination is presented, with
particular focus on fully synthetic carbohydrate vaccines.

Carbohydrate vaccines, in particular anti-tumour vaccines based on sugar epitopes, have
been excellently reviewed with focus on the chemical synthesis® 6 and on their
immunological and pharmacological properties.’: 8

In synthetic vaccines carbohydrates can play a dual role: they act as antigens to elicit
specific anti-carbohydrate immune response and as adjuvants to potentiate immune
response. Sometimes these roles are quite distinct other times synergistically overlap. As
other vaccines, carbohydrate vaccines have the final goal of inducing the production of
specific, long-lived, antibody-mediated protection. This goal is achieved through a very
complex cascade of biochemical events, some of them involving in turn sugar-protein
interactions. As depicted schematically in Fig. 1, the intensity and efficiency of
carbohydrate-specific antibody response depends from the synergic stimulation of innate
and adaptive immunity. Immunity activation requires at a molecular levels an array of
protein-protein and protein-sugar interactions, that can be modulated by synthetic
carbohydrate clusters.

2. Problems and solutions in carbohydrate vaccine development

The poor quality of antibody responses to carbohydrates is the major obstacle associated
with developing carbohydrate-based vaccines.” This is largely attributed to the T-cell
independent immune responses, which are typically triggered by carbohydrate antigens.?
Oligo- and polysaccharides are able to activate B cells by binding to receptors of B-
lymphocytes and inducing cross-linking of the Ig proteins, which leads to activation of the
B-cell and production of low affinity antibodies. Such T-cell-independent responses are less
robust, short-lived and primarily consist of immunoglobulin M (IgM) antibodies. To achieve
a class switch to high-affinity 1gG antibodies, the B-cells need to interact with helper T-
cells. T-cells require, in turn, to be activated by binding to antigen-presenting cells (APCs),
primarily dendritic cells, DCs (Fig. 1). These T cells-dependent responses, which are
typically generated by protein and peptide epitopes, enable the generation of high affinity,
class-switched antibodies and subsequently, long-lived antibody-mediated protection.

The classical method used to induce recruitment of CD4+ T cells for antibody responses is
the conjugation of glycans to immunogenic carrier proteins, such as keyhole limpet
hemocyanin (KLH) and ovalbumin (OVA), that are exogenous CD4+ T-cell epitopes.10
More recently, carrier proteins have been replaced by peptides or polysaccharides, as
discussed later in this review.

Independently from the duration and intensity of the antibody response, another obstacle to
efficient carbohydrate immunization is the inherent low affinity of antibodies to

carbohydrates. Even the carbohydrate-specific 1gG antibodies, produced upon T and B cell
activation, typically bind to the corresponding sugar epitopes with dissociation constants in
the LM range compared with protein-specific antibodies with nM dissociation constants.1
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The affinity of this interaction can be increased by artificial assembly of several glycan units
in multivalent glycoclusters that synergistically interact with different IgG molecules.

A third factor that reduces the efficacy of carbohydrate vaccines is the chemical
heterogenicity of carbohydrate antigens extracted from natural sources and conjugated to
proteins. This problem has been completely overcome by the advent of synthetic vaccines in
which the carbohydrate part is prepared by multistep synthesis and not extracted by natural
sources.

The few concepts of immunology given so far are however still not sufficient to fully
understand how modern, fully synthetic vaccines work.

A quick journey into immunology: how vaccination works?

T-cell-B-cell cooperation is important for raising the production of efficient IgG antibodies
against sugar epitopes, but is not the only element that can improve immune response.
Another important factor that crucially determines the outcome of the adaptive immune
response (i.e. the quality of antibodies produced) is the triggering of innate immune
mechanisms.12: 13 The innate immunity system comprises cells and mechanisms that defend
the host from infection by other organisms in a non-specific manner. Innate immunity cells
(DCs and macrophages) are the first line of defense against foreign antigens and recognize
minute amount of microbial molecular patterns (PAMPSs) through TLRs with high sensitivity
(pM) and selectivity.. Binding of PAMPs to TLRs activates innate immune responses,
inflammatory signalling pathways and the production of cytokines that direct the subsequent
adaptive immunity processes. DCs express the broadest repertoire of TLRs through which
they can recognize a plethora of microbial compounds. After challenge with microbial or
inflammatory stimuli, immature DCs undergo a complex process of maturation, resulting in
their migration from tissues to secondary lymphoid organs and upregulation of major
histocompatibility complex (MHC) and costimulatory molecules that are essential for T cell
priming (Fig. 1).

Carbohydrates and sugar-protein interactions play pivotal roles in innate immunity. PAMPS
of bacterial origin are constituted by polysaccharides that are specifically recognized by
TLR4, and specific carbohydrate sequences and clusters interact with cell surface lectins in
DCs and macrophages, thus inducing their activation.

Vaccines are thought to use mainly two types of immune triggers. First, they may contain
PAMPs derived from the target pathogen. Second, vaccine components (called adjuvants)
may induce the release of endogenous damage-associated molecular patterns (DAMPS),
although this mechanism is less well studied. PAMPs and DAMPs can stimulate the innate
immune system by activating Toll-like receptors (TLRs). TLR-derived signals are integrated
directly or indirectly at the level of antigen-presenting cells (APCs) and in this way crucially
condition the adaptive immune responses to the vaccine.1* PAMPs and DAMPs are detected
directly by TLRs expressed by dendritic cells (DCs), leading to DC activation, maturation
and migration to the lymph nodes (Fig. 1). Alternatively, PRR-mediated recognition of
PAMPs and DAMPs by bystander cells may induce the release of tissue-derived factors,
such as cytokines, that may cooperate in the activation and orientation of the DC response.
The C-type lectin-dependent ligand internalization is also an important factor to elicit DC
migration and T cell activation. In the lymph nodes, the activated DCs may present antigens
to T cells, provide them with co-stimulatory signals and stimulate their differentiation by
producing specific cytokines (Fig. 1). Depending on the cytokine milieu, CD4+ T cells may
differentiate into various T helper (TH) cell subtypes thereby promoting the entry of these B
cells into the plasma cell pathway or the germinal center pathway.
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It is worth to emphasize the central function of cytokines in the immunization process.
Cytokines are the chemical mediators that the immune system uses for cell-to-cell
communication, and for activating macrophages, DCs, T-cells and B-cells. These small cell-
signalling molecules are secreted by immunity cells and interact with specific cell surface
receptors of other immunity cells, thus activating cascades of intracellular signalling. The
stimulation of cytokines production has been used as an adjuvant strategy to potentiate the
immune response to epitopes, especially in the field of cancer vaccines.

3. Rational design of synthetic carbohydrate vaccines

As outlined in Fig. 1, several points of the complex cascade of immunological events
leading to antibodies production can be targeted in the rational design of vaccines. Modern,
fully synthetic vaccines are multifunctional molecules containing different chemical units
assembled by chemical bonds. Each of these moieties has a precise role in the cascade of
events depicted in Fig. 1.

In Fig. 2 synthetic vaccines are presented as modular molecules composed by a combination
of immunogenic units. A carbohydrate antigen, often a multivalent glycocluster, is
conjugated (linked through a covalent bond) to one or more of the following elements: 1) a
T-cell epitope (a carrier protein, a peptide or a polysaccharide), to trigger T-cell-B-cell
cooperation; 2) a TLR ligand or a ligand of DC surface C-lectin, to stimulate DC maturation
and cytokine production; 3) an adjuvant.

The majority of carbohydrate vaccines in use in clinic today, are composed by a glycan
conjugated to a carrier protein, and belong to the category of semisynthetic vaccines (Fig. 2).
In this case several copies of carbohydrate hapten are conjugated to a carrier protein, while
the adjuvant is “external” i.e. is co-administered as part of vaccine formulation but is in fact
a different molecule (or a mixture of molecules). The carbohydrate epitope is sometimes
itself a TLR ligand, as in the case of “old”, very efficient vaccines composed by fragments
of bacterial capsular polysaccharides, for example polysaccharides from Streptococcus
pneumoniae, Neisseria meningitidis and Haemophilus influenza conjugated to a carrier
parotein.1> Capsular polysacchardies are powerful TLR4 activators. One of the reasons of
the high efficiency of these vaccines can be related to the antigen/adjuvant double role
played by the carbohydrate.

A new generation of fully synthetic vaccines composed by a sugar epitope recognized by B-
cells (B-cell epitope), a peptide recognized by T-cells (T-cell epitope) and, in some cases, an
internal adjuvant is under clinical evaluation for a series of infectious diseases and for
tumour immunotherapy. Synthetic vaccines totally lacking the T-cell epitope component and
composed by the combination of clustered glycosides and adjuvants have also been
developed. It has been observed that the co-localization of the above mentioned elements in
the same molecule triggers a more potent antibody response than when the different
elements are provided as separate molecules. When testing the activity of protein-conjugated
sugar glycans as vaccines, a control immunization experiment is run by administering the
carrier protein and the glycan as separated molecules, and a less efficient antibody
production is generally observed.16 The potentiation of antibody response by
monomolecular constructs comprising both B-cell and T-cell epitopes is therefore a matter
of fact. However, the exact biochemical reason why immunogenic units should be joined in
the same molecule rather than co-administered is still matter of debate.

From semisynthetic to fully synthetic vaccines

Several conjugate vaccines composed of naturally derived polysaccharides have excellent
efficacy (usually approximately 90%) and safety profiles in the clinic.” Three elements make
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these carbohydrate vaccines heterogeneous: i) the variability of chemical structures in
naturally extracted glycans, ii) the variability of glycocluster/protein ratio in vaccines
containing carrier proteins, iii) the use of adjuvants that are chemically non-homogeneous

(Fig. 3).

Naturally derived polysaccharide used for to producing conjugate vaccines that meet quality
control and safety standards as required by European and US Agencies should be extracted
and purified through generally costly process. The production of homogeneous glycans by
chemical synthesis is therefore desirable for economical reasons. In the case of vaccines
directed against tumour carbohydrates the natural abundance and availability of some of the
key antigens is limited to minute nonusable quantities (often submilligram quantities) of
pure product thus justifying synthetic efforts to have larger quantities. Another important
reason to move forward synthetic vaccines is they present minimal batch-to-batch variability
during manufacturing process and higher quality control standards are permitted, compared
with the use of naturally derived agents.

An impressive synthetic effort has been done towards the production of homogeneous
monovalent and multivalent glycans, the latter composed by several copies of the same
glycan or by different glycan epitopes. The synthetic glycan has been then conjugated to
protein carriers thus obtaining semisynthetic vaccines. Differently from other very
influential scientists in this fieldl’ that refer to synthetic glycans conjugated to proteins as
fully synthetic vaccines, in this review the term semisynthetic will rather be adopted. A
distinction is made here among protein-and polysaccharide-containing vaccines and fully
synthetic vaccines in which the protein or polysaccharide has been replaced by a synthetic
peptide or a multimeric peptide cluster (Fig. 3).

The fundamental difference between these two types of vaccines resides in the lower
molecular homogeneity of protein- or polysaccharide-conjugated vaccines compared to
vaccines containing chemically pure peptides.

Fully synthetic vaccines incorporate in the same molecule a synthetic glycan or glycocluster,
a synthetic peptide as T-cell epitope and, sometimes, a third chemical moiety with the
function of internal adjuvant. A total control on the chemical structure can be achieved in
fully synthetic vaccines, while protein conjugation and external adjuvant are still sources of
variability in semisynthetic vaccines.

Carbohydrate vaccines with different molecular architectures projected according to
different strategies will be reviewed in next paragraphs. The common element of all these
synthetic (or semisynthetic) vaccines is the presence of synthetic carbohydrate antigen in
form of single glycans or glycoclusters.

4. Semisynthetic vaccines combining B-cell and T-cell epitopes

Sugar-protein conjugates

The first commercial vaccine containing a synthetic carbohydrate antigen was developed in
Cuba against Haemophilus influenzae type b (Hib).18 In 1989, a team from Cuba embarked
on a project to produce a new, more economical conjugate anti-Hib vaccine from a fully
synthetic capsular polysaccharide antigen. The resulting synthetic pathway involves a one-
step polycondensation reaction and produces oligomers with, on average, eight repeating
units of polyribosylribitol with an 80% yield after purification by size-exclusion
chromatography.1® The vaccine was evaluated in clinical trials in Cuba and showed long-
term protective antibody titers that compared favourably to licensed products prepared with
the Hib polysaccharide extracted from bacteria. This demonstrated for the first time the
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feasibility of the synthetic approach and also strongly indicated that chemical homogeneity
of the saccharide part affords superior immunological properties. This successful example
triggered the synthesis of increasingly complex carbohydrate structures to be conjugated to
carrier proteins.

In the field of carbohydrate vaccines, anticancer vaccines have particular relevance. While
antiviral and antibacterial vaccines are employed prophylactically to provide protection
against infectious diseases, most experimental cancer vaccines are used therapeutically to
evoke an immune response capable of eradicating an already existing disease.1®

Anticancer therapy based on carbohydrate vaccination relies on the observation that some
sugar units are exposed on the surface of tumour cells and are absent on normal healthy cells
as result of aberrant glycosylation that characterize the majority of human cancers. Tumour
cells may overexpress truncated versions of oligosaccharides, unusual terminal
oligosaccharide sequences, and an increased sialylation (attachment of a sialic acid
monosaccharide) of cell-surface glycolipids and glycoproteins. Several mechanisms have
been proposed for the formation of Tumour-Associated Carbohydrate Antigens, TACAS,
such as altered metabolism of tumour cells, changes in the tumour environment, and
consequent changes in the expression of multiple genes of the glycosylation machinery.20

Worth of note, with the exception of few mono- and disaccharides (TF and T,, galactosides,
Fig. 4), all TACAs are branched oligosaccharides and are therefore challenging targets for
synthetic organic chemistry.® This in part explains why the most important research groups
in carbohydrate synthetic chemistry become involved in projects aimed at developing
antitumour vaccines.

The Livingston—Danishefsky team reported the challenging synthesis of Globo-H, LewisY
(LeY), Lewis® (LeX), LewisP (LeP), KH-1, MUC-1, and the T, ST, and TF-antigens.®
Boon’s group has developed a solid support and solution phase synthesis of the LeY, LeX,
and the KH-1(LeY-LeX) antigens (Fig. 4). Other groups reported the synthesis of complex
TACAs.?!

The first-generation of semi-synthetic anticancer vaccines evaluated for their
immunogenicity in human clinical settings were monovalent, i.e., containing a single
carbohydrate antigen appropriately conjugated to a carrier protein. The carbohydrate
antigens were synthesized with a reactive linker as glycosidic appendage (linked to the
anomeric, C-1 carbon of the first reducing sugar) for subsequent covalent attachment to the
immunogenic protein. Hexasaccharide Globo-H was first synthesized in 1996 and
monovalent KLH-conjugate vaccine (Fig. 4) resulted safe, no significant toxicity was
detected. In most patients, after immunization, both IgM and IgG antibodies were detected
against synthetic Globo H. This was a further demonstration that a complex synthetic
carbohydrate antigen can efficiently an immune response in humans. The vaccine is how in
clinical Phase 111 for treatment of cancers of the breast, prostate, and ovary.22

Monovalent semisynthetic anticancer vaccines, composed by the synthetic tetrasaccharide
LeY coupled to the protein carrier KLH using several different linkers were also proposed by
Boons and coworkers.23 In this work was outlined how the chemical nature of the
bifunctional linker connecting the glycan to the protein greatly influences the immune
response towards the carbohydrate antigen. A surprisingly high IgG antibody titer was
determined compared to previously reported immunizations with LeY-KLH conjugates. The
maleimide linker used for conjugation turned out to be highly immunogenic and specific
anti-linker antibodies were produced. When using the bromoacetyl electrophile for reaction
with protein no antibodies were produced against the linker. Interestingly, the anti-linker
response might be directed only against terminal hydrolyzed maleimides and not against

Chem Soc Rev. Author manuscript; available in PMC 2014 June 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peri

Page 7

maleimides connecting the saccharides to the protein, that is, internal maleimides. In this
respect, it is important to realize that only 80% of the maleimides are functionalized by
saccharides and the rest are hydrolyzed. This study called for an awareness of possible false
positives stemming from the use of commercial kits in which the same linker is employed
for conjugation of an antigen to different proteins. Moreover, as in this case, highly
antigenic linkers can suppress antibody responses to weak antigens, such as carbohydrate
antigens. This is another element in favour of replacement of carrier protein with a fully
synthetic peptide construct, as will be discussed in the next paragraph.

A second generation of carbohydrate vaccines was constituted by smaller carbohydrate
antigens (e.g., mono and disaccharides), those typically associated with mucins, assembled
in glycoclusters and subsequently conjugated to proteins (Fig. 4). These can be defined as
homo-multivalent (because several copies of the same carbohydrate are clustered)
carbohydrate vaccines. It was determined that multiple repeats or clustering of the
carbohydrates was required for a robust and efficient immune response to be generated.?*
These vaccines were constituted by an antigen containing one or multiple copies of the
human adenocarcinoma antigen sialyl-T,, conjugated to the carrier protein.

A semisynthetic homo-multivalent clustered anti-HIV vaccine has been recently developed.
In this molecule, cyclic peptide serves as multivalent scaffold for presenting several copies
of a high-mannose glycan that is found on HIV protein gp120 and is efficiently recognized
by human 2G12 anti-HIV antibodies.1” Three copies of a branched mannose nonasaccharide
have been linked to one face of the cyclic peptide scaffold derived from the regioselectively
addressable cyclic peptide (RAFT) developed by Mutter and Dumy.25 This homo-
multivalent glycocluster was then covalently coupled to the purified outer membrane protein
complex (OMPC) derived from Neisseria meningitidis. The conjugation was based on the
reaction of maleimidated protein with the thiol group of a cysteine included in the cyclic
peptide. Even within a particular cancer type, there is a considerable amount of variation in
the level and nature of cell-surface carbohydrates expressed. A vaccine that targets several
cancer-associated glycans should, in principle, lead to a stronger and more specific immune
response than one that targets a single cancer glycan. With the aim of mirroring the diversity
of glycan structures expressed on a single cancer cell, vaccine constructs were projected
consisting in different tumour-associated glycans clustered in the same molecule and
subsequently conjugated to a protein. These vaccines can be defined as hetero-multivalent
because different glycans are assembled in the same molecule.

The synthesis of hetero-multivalent vaccines was based on the assembly of different glycans
on a single molecule that would undergo a single conjugation step to a carrier. This
approach has been preferred to that based on the conjugation of different carbohydrate
antigens to the same carrier protein mainly because allows to obtain more homogeneous
molecules.

Several unimolecular hetero-glycoclusters have been prepared by Danishefsky group and
conjugated to carrier proteins thus obtaining semisynthetic vaccines that induced the
production of antibodies against each of the component antigens.26

The most impressive example is the synthesis of pentavalent vaccine conjugate containing
five different carbohydrate antigens known to be expressed in high levels on prostate cancer:
Tn, TF, sTp, Lewis y, and Globo H (Fig. 4).18 The pentavalent epitope was conjugated to the
carrier protein KLH or to the lipopeptide adjuvant PamsCys that is known to be a TLR2
ligand. Mice immunization experiments were performed by co-administering the adjuvant
QS-21 to vaccines. The pentavalent hetero-glycocluster conjugated to KLH was quite
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immunogenic and the Pam3Cys conjugate was immunogenic too, but the antibodies titers
were still somewhat lower than those observed for the KLH conjugate.

In the construction of monovalent, homo- and hetero-multivalent several types of linkers
have been used to connect the carbohydrate part to the protein. These range from simple
“classical” bifunctional linkers for protein conjugation, to more elaborate multivalent
scaffolds constituted by linearl6 or cyclicl’ peptides.

Substituting carrier proteins with T-cell stimulating zwitterionic polysaccharides

The presence of the carrier proteins in vaccines can lead to some disadvantages. A strong
immune response against the carrier protein can cause suppression of carbohydrate- specific
antibody production (hapten-specific suppression).2” It has been reported by Kasper and
coworkers that carrier proteins can be substituted in vaccines by zwitterionic
polysaccharides (ZPSs) able to elicit an MHC 11-mediated T-cell response.28 With the aim
of developing an entirely carbohydrate vaccine, Andreana and coworkers conjugated the
ZPS from Bacterioides fragilis to the tumour Ty, epitope (the N-acetylgalactosamine,
GalNAc) monosaccharide) thus obtaining a cancer vaccine.29 The polysaccharide was
extracted and purified from the bacter B. fragilis and therefore presents the typical
microhetergoeneity of natural polysaccharides. For this reason, similarly to protein-
conjugate vaccines, this type of entirely carbohydrate vaccines should be considered as
semisynthetic and is included in this paragraph.

The T, epitope was covalently linked to the polysaccharide through a chemoselective
technique based on the reaction of an hydroxylamine group inserted in the anomeric position
of GalNAc and an aldehyde group obtained by sodium periodate oxidation of the ZPS
part.2? The Tn-ZPS vaccine was tested on mice and carbohydrate-specific 1gG3 antibodies
were produced, that selectively bind to tumour expressing on the surface the Tn antigen.3°

5. Fully synthetic vaccines combining T- and B-cell epitopes (and adjuvant)

The antiviral, antibacterial and anticancer vaccines above described are all semisynthtetic in
the sense that a synthetic B-cell sugar epitope is conjugated to a nonhomogeneous T-cell
epitope constituted by a protein or a polysaccharide. Totally synthetic vaccines have been
developed in which the protein T-cell epitope has been substituted by a peptide.

Semisynthetic protein conjugate vaccines present the following disadvantages: 1) the
conjugation chemistry is often difficult to control, which results in conjugates with
ambiguities in composition 2) the production of carrier protein-specific antibodies 3) some
linkers are B-cell epitopes, and hapten suppression can be elicited by unreacted linkers
exposed on the surface of proteins.23

The design of fully synthetic vaccines is aimed to overcome these problems. Different
chemical units with different functions (Fig. 2) are assembled in the same chemical entity
that can be fully characterized by a chemical point view (Mass, IR and NMR spectra
corresponding to a single molecular entity).

Synthetic vaccines are generally modular: several chemical units can be separately
synthesized and subsequently assembled in a convergent way. Modular carbohydrate
vaccines can be obtained by classical convergent synthesis using protecting groups.
Alternatively, a large repertoire of orthogonal, chemoselective,3! and “click”32 reactions are
available to organic chemist allowing the conjugation of large presynthesized molecular
fragments with minimal or no use of protecting groups.

Chem Soc Rev. Author manuscript; available in PMC 2014 June 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peri

Page 9

Three types of spatial architectures have been used for the construction of fully synthetic
vaccines: 1) glycoclusters on dendrimeric structures, with a globular tertiary structure 2)
glycoclusters assembled on organic templates (cyclic peptides) 3) glycoclusters or single
glycans linked to other immunogenic units in a linear or branched arrangement.

Dendrimeric glycoclusters

Lo-Man and co-workers ideated a synthetic vaccine named Multiple Antigen Glycopeptide
(MAG) with a dendrimeric architecture inspired to the Multiple Antigen Peptide (MAP)
introduced by Tam in 1988.32 The pioneering work of Tam consisted on the use of a
branched lysine peptide scaffold, usually constituted by seven lysines functionalized at the
terminal amines with eight selected immunogenic peptide epitopes. The synthetic MAG is
analogously composed of a dendrimeric lysine core structure with four arms. Each arm is
linked to a CD4+ T cell epitope (PV peptide from the poliovirus type 1) with a
monosaccharide tumour epitope (T, i.e. a-GalNAc) at the amino terminus3* (Fig. 5).

The tetrameric MAG-(PV-T)4 induced high titers of anti-T,, Antibodies (directed against
the carbohydrate tumour epitope) and provided immunization against TA3/Ha
adenocarcinoma cell line (expressing T, epitope) in mice.3® With the aim of applying the
MAG approach to human vaccination, “universal” CD4+ T-cell epitopes known to stimulate
effective T-helper cell responses in humans were introduced.3¢ These trivalent dendrimeric
MAG containing TT or PADRE peptides and T, carbohydrate epitopes were tested in
nonhuman primates (macaques and green monkeys) and found to induce strong anti-T,, 1gG
antibodies capable of specifically recognizing T,-expressing human tumour cells. Moreover,
these antibodies were able to mediate antibody-dependent cellular cytotoxicity against Tp-
positive human tumour cell.

Glycoclusters assembled on cyclic peptides

Small cyclic peptides provide a great variety of tridimensional structures associated in
nature to an array of biological functions. Mutter and coworkers pioneered the use of
synthetic cyclic peptides as universal scaffolds in the construction of biomimetic
molecules.?5> The use of Mutter’s regioselectively addressable functionalized templates
(RAFTS), as new scaffolds for the design of anticancer vaccines has been pioneered by
Dumy and Renaudet.3” RAFTs are backbone-cyclized decapeptides containing two proline-
glycine dipeptides as B-turns inducers that stabilize their conformation in solution. These
cyclic templates offer the advantage of displaying two functional faces, one can be used for
the attachment of several glycan units to form the glycocluster, while one or more copies of
the T-cell epitope can be attached to the other face (Fig. 6).

The first prototypical RAFT presented four copies of the T,, antigen on one side and one or
two copies of the PV T-cell peptides (the same used in MAGS) on the other.3” The RAFT-
PV-Tn,4 was first used to immunize mice and to elicit Ty-specific 1gG antibodies.
Interestingly, only 0.1-1% of the antibodies recognized the peptidic part of the RAFT thus
indicating that RAFT templates are non-immunogenic and can be used to elicit an immune
response specifically directed against the native form of T, displayed by cancer cells.
Antibodies raised by RAFT-PV-Tn, are able to recognize the native form of T,,, and RAFT
binding to human Jurkat tumour cell line expressing the T, antigen was observed by flow
cytometry.37

As a development of this approach, RAFT platform was used to assemble in the same
molecule four different immunogenic components: a clustered Tn sugar epitope, a CD8+ T
cell epitope from ovalbumin (OVA257-264), a universal CD4+ T helper (Th) epitope
(PADRE) and a palmitoy! tail as lipidic built-in adjuvant.38 Mice treated with this
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multicomponent synthetic vaccine were transplanted with melanoma cells (B16) expressing
ovalbumin and only one mouse out of ten developed a detectable tumour, thus indicating
that synthetic vaccine provided an effective protection from tumour development.

In a further study, the mechanism of action of RAFT-based synthetic vaccines was
investigated.3? Two molecular architectures were synthesized, one with the adjuvant
palmitoyl moiety attached to the N-terminal end of the T-cell peptide (linear RAFT), in the
other the palmitic acid was attached between the two T-cell epitopes (HER and PADRE)
thus forming a branched structure. The 1gGs induced by both linear and branched constructs
bind human breast tumour cell line MCF7 expressing T,, molecules. However, higher (350
fold) binding was observed for branched vaccine-induced IgGs than linear-induced 1gGs.
Interestingly, the position of the lipid moiety turned out to profoundly affect also the
immunological mechanism of action of the molecules. DCs uptake of both linear and
branched vaccines was studied as well as cross-presentation to T cells. It was observed that
both linear HER-GLP-1 and branched HER-GLP-2 constructs are taken up easily by DCs,
and both constructs induced DCs maturation through TLR2 stimulation. However, DC
exposed to linear and branched vaccines were differently affected by inhibitors of the
antigen internalization through endosome and specific presentation through MHC
complexes, thus indicated that the epitopes exposed with different architectures undergo
different biochemical pathways in DCs. The authors concluded that the position of the
palmitoyl moiety within synthetic vaccine constructs greatly influence: (i) the magnitude of
induced IgG and CD8+ T cell responses; (ii) the phenotypic and functional maturation of
DCs; (iii) the cross-presentation pathway of the GLP constructs by DCs; and (iv) the level of
therapeutic efficacy against established tumours.

Modular synthetic vaccines

Boons and coworkers first explored the possibility to evoke a carbohydrate-specific antibody
response by using tri-component vaccine containing a carbohydrate B-cell epitope, a peptide
T-cell epitope and a potent immunogenic moiety such as a TLR ligand (Fig. 7).

A fully synthetic three-component anti-cancer vaccine composed of the T,-antigen, a helper
T-epitope derived from Neisseria meningitis, and the TLR ligand Pam3Cys was designed
and synthesized, using a modular synthetic approach.40 In a subsequent study, two
additional tri-component vaccine candidates were synthesized composed of the tumour-
related MUC-1 glycopeptide, a well-documented helper T-cell epitope from polio virus, and
either Pam,CysSK, or PamsCysSK .41 Both Pam,CysSK, and PamzCysSK, are TLR2
agonists (activators). The vaccine candidates were incorporated into liposomes and their
antigenicity studied in murine hosts. Compound containing 3 palmitoyl units induced
exceptionally high IgG antibody titers, while the molecule with 2 palmitoyl moieites
induced lower 1gG titer. It was observed that sera of mice immunized with both these
molecules were able to recognize the native MUCL1 antigen present on cancer cells. Authors
also outlined that the activity of these vaccines containing palmitoyl-cysteine adjuvants is
due to TLR2-dependent uptake by innate immunity cells.*1 A fully synthetic three
component vaccine has been recently developed containing a sugar tumour epitope Tn (B-
cell antigen), a T-cell peptide antigen and the monosaccharide rhamnose.#2 The function of
L-rhamnose is that of an adjuvant. Human serum has been reported to contain large amounts
of naturally occurring anti-rhamnose antibodies, thus, L-rhamnose-containing molecules
potentiate immune response by the triggering anti-rhamnose antibody-mediated antigen
uptake. The vaccine induced antibodies against the tumour Tn epitope and did not induce an
unwanted dominant response to rhamnose itself, thus demonstrating the potential of use of
the monosaccharide rhamnose as internal adjuvant.
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6. Exploiting innate immunity: sugar vaccines containing TLR and lectin

TLR stimulation and innate immunity activation have a synergistic effect on adaptive
immunity activation and antibody response. It has also been observed that the first contact
with a TLR agonist opens a ‘temporal window’ for stimulation of another TLR that
intensifies, complements and sustains the DC activation process.13 The integration of
multiple stimuli over a defined ‘temporal window’ that is the incorporation in the same
molecule of sugar epitopes and TLR agonists might allow a more effective response to
carbohydrate epitopes.

According to the definition of modular vaccine adopted in that review (and schematically
represented in Fig. 2) a synthetic carbohydrate vaccine can be formed by a sugar antigen
conjugated to a TLR agonist. Toll-like receptor (TLR) agonists, such as the lipopeptide
Pam3Cys, a TLR2 ligand, have been attached to TACAs. One of the first examples of
synthetic vaccines not including in their design T-cell epitopes was reported by Toyokuni
and coworkers, who covalently linked a dimeric T-antigen to PamsCys (Fig. 8).43

Although low titers of 1gG antibodies were produced, this study showed that it is possible to
elicit sugar-specific antibody production without any carrier protein or other T-cell epitope.
Danishefsky and co-workers also explored this kind of synthetic vaccines, and several
TACAs including monomeric LeY, a trimeric cluster of Ley, and a trimeric Ty-antigen
cluster were attached to Pam3Cys. Mice immunized with the vaccine constructs elicited
antibodies that recognized the natural epitope expressed by relevant cancer cell lines.
However, mainly IgM antibodies were detected even upon administration of the saponin
QS-21 as external adjuvant.

These results highlight that a lack of a helper T-epitope, which is required to induce a class
switch to 1gG antibodies and affinity maturation, results mainly in the production of IgM
antibodies. A unimolecular multi-antigenic construct comprising the Globo-H, Ley, STn,
TF, and Tn-antigens all attached to the same peptide backbone was synthesized and
conjugated to Pam3Cys.16 Mice were inoculated with the candidate vaccine in the presence
of the adjuvant QS-21, and IgM antibodies against all antigens, were detected. However,
when the same multi-antigenic construct was linked to the carrier protein KLH and co-
administered with QS-21 in a murine host, both IgM and 1gG antibodies were elicited and
the antibodies recognized three different tumour cell-lines all expressing two or more of the
five antigens on their respective cell surfaces. These observations suggested a superior
efficiency of T-cell epitopes to induce IgG response compared to palmitoylated TLR2
ligands, and induced researchers to prefer vaccine constructs including carrier proteins or
peptides and external adjuvants.

The TLR-activating moieties that have been included in the molecular structures of fully
synthetic vaccines are palmitoyl chains or palmitoylated cysteines that are TLR2 agonists.
However, the stimulation of other TLRs, in particular TLR4 and TLR7, can afford even
more potent activation of innate immunity by triggering cytokine production. In particular,
TLR4 stimulation is in principle the most potent way to activate innate immunity. Natural
TLR4 agonists (bacterial endotoxin, LPS and lipid A) are however toxic molecules and
cannot be used as vaccine adjuvants. Synthetic lipid A analogues with modified structures,
as monophosphoryl lipid A (MPLA), are potent vaccine adjuvants. MPLA has been recently
approved as adjuvant for Hepatitis B vaccination in Europe** and has been used extensively
in a variety of clinical vaccine testing. MPLA is a chemically modified derivative of
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lipopolysaccharide (LPS) with potent adjuvant activity, but is up to 10,000 fold less toxic
than parent LPS molecule.

There is an increasing interest in the synthesis of TLR4 agonists. However, despite the very
active research in this field, the chemical variety of newly discovered TLR4 agonists is still
limited to lipid A analogues. Our research group is contributing to the discovery of new

small-molecules active in modulating TLR4 activity with a structure different from lipid
A.45, 46

Synthetic TLR agonists have been included in nanoparticle preparations®’ and the
combination of molecules activating different TLRs afforded very efficient
immunostimulation.

However, the inclusion of TLR ligands other than palmitoylated peptides in fully synthetic
molecules has still not been explored and is an interesting possibility for future vaccine
development.

DC stimulating agents

Dendritic cells (DCs) are the primary antigen presenting cells of the immune system.
Consequently, targeted delivery of vaccine components to DCs represents an attractive
approach to enhance vaccine efficacy. It is known since 1997 that peptide and protein
mannosylation facilitate the uptake of such peptides and proteins by innate immunity cells
such as DC and macrophages that express mannose receptors on their surface.8

DC express surface C-lectins, namely to the Dendritic Cell-Specific Intercellular Adhesion
Molecule-3-Grabbing Non-integrin (DC-SIGN) and to other mannose receptors (MR) that
recognize mannosylated ligands, thus promoting their internalization and subsequent
processing by the immune system. The first totally synthetic vaccine composed by a peptide
epitope linked to a polymannose cluster as DC-stimulating agent was prepared thorough an
elegant, convergent synthesis. Two orthogonal ligation steps allowed the condensation of
unprotegted peptide and glycan moieties through the formation of hydrazide and thioether
bonds.*

Internalization studies of these lysine-based clusters functionalized with mannose or
mannose bioisosters such as quinic and shikimic acid were done on cellular models
presenting a mannose receptor.>% The same group designed a complementary strategy where
the tetravalent system presenting quinic acids was covalently linked via a hydrazone ligation
to a multilamellar lipidic vesicles vectors.5! These “onion” vesicles presented a mean size
about 200 nm and contained surface aldehydes to be functionalized with the hydrazine
presented at the tail of the multivalent system. The ligation reaction occurred with a high
yield and several copies of the quinic acid functionalized dendrimer were attached to the
surface of the lipidic vesicles. Rhodamine labeled vesicles were used to demonstrate the co-
localization of the vesicles with the mannose receptor and the internalization of the vesicles
into internal cellular compartments. These results demonstrated the potential application of
these selective vectors which could incorporate lipophilic material to be selectively
transported to target cells such as DCs.

A mannose-based antigen delivery system was adopted in the design and synthesis of a
synthetic vaccine constituted by a glycocluster exposing 64 mannose units on a PAMAM
dendrimer conjugated to the OVA protein.>2 The Mannose Dendrimer-OVA conjugate
(MDO) potently induced OV A-specific T cell response in vitro. It was found that the
immunogenicity of MDO was due not exclusively to enhanced antigen presentation, but also
to induction of DC maturation. Mice immunized with MDO generated strong OV A-specific
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CD4+/CD8+ T cell and antibody responses. MDO also targeted lymph node DC to cross-
present OVA, leading to OTI CD8+ T cell proliferation. Moreover, upon challenge with
B16-OVA tumour cells, tumours in mice pre-immunized with MDO either did not grow or
displayed a much more delayed onset, and had slower kinetics of growth than those of
OVA-immunized mice.

Bundle and co-worker developed efficient synthetic glycopeptide vaccines against
candidiasis (Candida albicans infection) using a DC-based immunization approach.>® They
discovered that antibodies specific for Candlida albicans cell surface p-1,2-mannotriose B-
(Man)3 protect mice. Several synthetic conjugates were synthesized composed by p-(Man);
epitope corresponding to the Candiaa albicans cell wall B-mannan, and selected peptide
carriers derived from cell wall proteins of the fungus that are known to be expressed during
pathogenesis of human candidiasis. One of these fully synthetic carbohydrate vaccines,
containing the N-terminal portion of the C. albicans cytosolic/cell surface protein fructose-
bisphosphate aldolase (Fba), induced strong antibody responses and protective immunity
against candidiasis in BALB/c mice.?® The trimannose glycan plays in these vaccines the
double role of epitope and DC ligand.

Bundle’s group recently improved vaccine’s activity by coupling it to tetanus toxoid (TT).24
The addition of TT to the glycopeptide conjugate resulted in a self-adjuvanting vaccine that
promotes robust antibody responses without the need for additional adjuvant, which is novel
and represents a major step forward in vaccine design against disseminated candidiasis.

7. Glycosylated nanoparticles vaccines

Building on many years of basic and translational research, advances in the fields of
nanotechnology and biomedical science are now converging to revolutionize the treatment
of a range of diseases. To date, several types of particle-based therapeutics have been
approved by the FDA for clinical use, including liposomes, albumin nanoparticles, and
polymeric nanoparticles.> In the field of immunology different nanocarriers have been used
to display carbohydrate epitopes for vaccination. The opportunity of modifying the surface
of nanoparticles to achieve simultaneous antigen-loading, adjuvant co-delivery, improved
circulation times and targeting properties has increased the interest in nanoparticle-based
vaccines.

Liposomes are regarded as attractive nanocarriers for the multivalent presentation of
selected synthetic carbohydrate haptens, Th peptide epitopes and potent adjuvants. These
versatile biocompatible (phospho)lipid vesicles are characterized by a low intrinsic
immunogenicity and toxicity. They can carry multiple antigens either encapsulated, surface-
bound, or associated with the bilayers, in addition to various amphiphilic adjuvants, such as
different TLR ligands. As other nanoparticles, liposomal constructs can be efficiently
captured and endocytosed by antigen presenting cells (APCs). Importantly, clusters of B-cell
epitopes exposed on the surface of the vesicles efficiently target antigen specific B
lymphocytes by multivalent interactions with the B-cell antigen receptors (BCR), increasing
the potency of the humoral response.

We outlined that Boon’s three-component fully synthetic antitumour vaccines are an
excellent example of efficient immunization by multiple presentation on liposomes.4!

Another interesting liposome-based vaccine exposing carbohydrate epitopes has been
developed against Shigella flexneri serotype 2a (SF2a), the major strain responsible of
endemic shigellosis, or bacillary dysentery, in developing countries.>® Glycoliposomes
carrying at their surface a T-cell epitope peptide and a synthetic pentasaccharide or a
pentadecasaccharide corresponding, respectively, to one or three repeating units of O-
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specific polysaccharide moiety of Shigella flexneri, were synthesized. The T-cell epitope
and the synthetic oligosaccharide were covalently conjugated to the surface of preformed
liposomes via the maleimide functionalized lipopeptide anchor PamzCAG-Mal, that also has
the function of TLR2 ligand and adjuvant. The synthetic liposomal construct carrying the
pentadecasaccharide (3 repeating units) induced a specific, long-lasting and protective
immune response against SF2a, when administered by intramuscular injection to BALB/c
mice.

The use of gold nanoparticles (GNP) as carriers for carbohydrate vaccines development has
been recently investigated. Vaccine candidates against Strepfococcus pneumonia were
composed by 2-nm hybrid GNP displaying different ratios of the branched tetrasaccharide
unit of S. pneumonia capsular polysaccharide (Pn14PS), and a T-helper peptide were
prepared and the immunogenicity of the functionalized GNPs was studied in mice.>” GNP
triggered specific anti-Pn14PS IgG antibodies. Cytokine levels confirmed that
glyconanoparticles led to T-helper cell activation. The anti-saccharide antibodies promoted
the phagocytosis of bacteria by human leukocytes, indicating the functionality of the
antibodies.

Our group recently explored the possibility to mimic natural LPS aggregates with magnetic
nanoparticle coated with bacterial LPS and we investigated the activity of these LPS-NP to
stimulate TLR4 signaling in innate immunity cells.>8 £ coli LPS was physically adsorbed
on the surface of oleylamine-coated iron oxide nanoparticles (Fig. 9).

The strong hydrophobic interaction between the lipid A moiety of LPS and the surface of
nanoparticles made these LMNP particularly stable in aqueous solution. No LPS molecules
were released from NP, however, NP-LPS activated TLR4-mediated cytokine production in
macrophages. The use of immobilized LPS as strong vaccine adjuvant and the construction
of nanoparticles exposing LPS together with carbohydrate antigens is an exciting
perspective in nanomedicine.

8. Future perspectives

In this article an overview of the current state of carbohydrate vaccine research has been
presented focusing on both chemical and biological aspects. The availability of efficient and
convergent synthetic strategies combined with a growing knowledge of molecular
mechanisms of immunization, allowed an impressive advancement in the field of synthetic
carbohydrate vaccines. However, the rational design of synthetic vaccines only partially
addressed the issues related to the intrinsic complexity of the vaccination process. From a
medicinal chemistry point of view, to elicit a strong, specific and long-lived antibody
response against sugars means to interfere with several complicated and mutually
interplaying biochemical pathways. This task is orders of magnitude more complex than
inhibiting an enzyme or blocking a receptor.

This probably explains why the advantage of the use of fully synthetic vaccines instead of
carrier protein conjugates is controversial and has still not been definitively demonstrated.
While some of Danishefsky’s semisynthetic vaccines based on KLH conjugates are in an
advanced phase of clinical trials, the experimentation on humans of fully synthetic is still at
a less advanced stage. However, the efficiency of MAG-T,, or RAFT-T, or Tn-Pam3CS
constructs in eliciting antibody response both in mice and non-human primates is a matter of
fact documented by elegant and exhaustive studies.

The rational design of fully synthetic vaccines can be however improved by answering to
the following, still open questions:
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1. How the different immunogenic components should be mutually oriented to
optimize vaccine activity? The rule leading the design of the majority of modular
synthetic vaccines so far developed is that different components (sugar antigen,
peptide antigen, adjuvant) have to be assembled in the same molecule. Few or no
attention has so far been given to the tertiary structure of the vaccine.

In this context, studies on RAFT molecules have shown that the presentation of
sugar and peptide epitopes on different sides of a rigid peptide scaffold could
facilitate the interaction of both epitopes with relative receptors on B and T cells
thus improving vaccine efficiency. In this sense, the design of dendrimeric MAG-
T, tested so far which present the peptide and the sugar directly linked could be
improved by separating sugar and peptide epitopes in different spatial regions.

2. How linker’s chemical structure and size impact on vaccine efficiency? Several
observation reported on this review suggest that some linkers can be more
immunogenic that others, but extensive systematic studies comparing different
linkers in the same biological context are still lacking.

3. New TLR agonists should be included in vaccine molecules. Several potent, small-
molecule TLR agonists are currently available. As discussed in this review, very
few TLR ligands have been included as adjuvants in vaccines, almost exclusively
palmytoilated TLR2 ligands. TLR4, 7 and 9 potent agonists are available whose
chemical structure can be opportunely modified to be conjugated to fully synthetic
vaccines. Another interesting, still unexplored perspective, is the conjugation of
these TLR-based adjuvants to the carrier proteins.

The complexity of vaccine chemistry and biology make the rational design of
vaccines an intriguing and interdisciplinary domain, at the interface among
chemistry, biology and medicine. Organic chemists can provide the biologists with
unique, tailor-made chemical tools that can be used with the dual scope to develop
drugs and to dissect immunological pathways, thus gaining information on the
molecular mechanism of these processes.
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Clustered glycans have different roles in the immunization process: they can be 1) antigens
2) Danger Associated Molecular Patterns (DAMP) stimulating innate immunity response, 3)
they can be ligands of TLRs and 4) of C-lectin receptors on the surface of dendritic cells,
(DC) thus inducing DC activation and migration into lymph nodes.
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Semisythetic vaccines are composed by multivalent glycans conjugated to carrier proteins,

the adjuvant is co-administered as a separate molecule. In fully synthetic vaccines the
carbohydrate moiety recognized by B-cells and the peptide recognized by T-cells are
combined with different types of adjuvants in the same molecule.
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Conjugate (semi-synthetic) vaccines are heterogeneous: the same vaccine preparation

Page 20

contains a mixture of molecules (such as molecules A and B) that differ by the number and

type of glycans conjugated to the protein. Full synthetic vaccines are chemically

homogeneous.
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semi-synthetic vaccines

Synthetic glycans conjugated to a carrier protein: monovalent, homo-and hetero-multivalent

vaccines.
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Fully synthetic dendrimeric (MAG) vaccines combining peptide T-cell epitope and sugar T,
(GalNAC) eptitopes
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Fig. 6.
Fully synthetic RAFT carbohydrate vaccines
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Molecular structure of three-component fully synthetic vaccine
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Fig. 8.
Fully synthetic vaccine composed by a synthetic glycan linked to TLR2 ligand Pam3Cys
with the function of adjuvant
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Fig. 9.

LPS-coated magnetic nanoparticle (LMNP): the lipophilic chains of lipid A interact with the
hydrophobic chains of NP surface, while the hydrophilic oligosaccharide chain points
outward, thus reproducing the conformation of a natural LPS aggregate.
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