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ABSTRACT

Foot and mouth disease virus (FMDV) is the etiological agent of an important disease in 

livestock. Despite the considerable amount of information accumulated in recent years, 

FMD still affects extensive areas of the world and is the most transmissible viral disease 

in animals; FMDV has been diagnosed in 34 countries during the past 18 months and

1,000 cases in the recent outbreak are accounted for in Great Britain alone. One of the 

difficulties in controlling FMDV is its occurrence in seven distinct serotypes and 

immunity conferred by vaccination against one serotype leaves the animals susceptible 

to infection by the other six.

Vaccination is the first treatment against FMDV. The current vaccines consist of virus 

inactivated with imines and formulated with Al(OH)3/saponin (for ruminants) or 

incomplete oil-based formulations (for pigs and cattle).

Based on previous results, a synthetic vaccine against FMDV was developed following 

the concept of adjuvant-carrier-epitope. Here we describe the synthesis and the 

development of novel synthetic adjuvants and carriers and their use in synthetic 

vaccines against foot and mouth disease virus.

Different sets of lipophilic compounds were prepared in order to act as build-in 

adjuvants/carriers. They include cyclic and linear polyalcohols containing different 

numbers of alkylic chains. In-solution synthetic chemistry was used and separation and 

characterization of closely related lipid products, although successful, proved difficult. 

A synthetic dendrimeric polylysine carrier was also prepared but, following promising 

results of compounds lacking the MAP carrier, it was not linked to the constructs. The 

lipophilic constructs were then coupled to different copies o f synthetic peptides 

corresponding to the VPl (140-160) FMDV serotype C. Different kinds of synthetic 

liganding approaches were used for the conjugation, following the attachment of a 

residue of cysteine to the carboxy terminus of the peptides. The different approaches led 

to investigations of the role and the importance of different spacers between the 

adjuvant/carrier and the epitope.
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Chapter one______________________________________ Foot and mouth disease virus

1.1 Foot and mouth disease virus

1.1.1 Introduction

Foot and mouth disease (FMD) virus (FMDV) is the etiological agent of an important 

disease in livestock. FMD is highly contagious and affects artiodactylae, mostly cattle, 

swine, sheep and goats\ The disease was first described in Venice in 1546^. The first 

description of a virus causing a disease in an animal was in 1898, when Loeffler and 

Frosch^ demonstrated that a filterable infectious agent smaller than bacteria caused the 

disease found in Venice.

Despite the considerable amount of information accumulated in recent years, FMD still 

affects extensive areas of the world and is the most transmissible viral disease of 

animals'^: FMD ranks first in the A list of infectious diseases of animals, according to 

the Office International des Epizooties. Despite low mortality rates, FMD severely 

decreases livestock production and introduces important trade restrictions on animal and 

livestock products. A recent example o f the devastating consequences of FMD is the 

epizootic which occurred in Taiwan in 1997, in which more than 4,000 pigs were 

slaughtered. The worldwide epidemiology of FMD is almost a mirror image of the 

global economic structure (figure 1.1). The division is in three groups: (a) FMD-free 

group, equivalent to the high-income and industrialized zone, mainly the countries that 

belong to the Organization for Economic Cooperation and Development (OECD); (b) 

FMD control regions, equivalent to the middle-income and semi-industrialized 

countries, characterized by medium to high control FMD activity. South America is the 

most prominent of these regions; other regions are the Middle East and North Africa;

(c) FMD endemic group, equivalent to the least developed countries, some of which 

have a high livestock density. Typical examples are the countries of Eastern Africa.

The occurrence of even a single case of FMD in a previously disease fr*ee country 

results in an immediate ban on an economically valuable export trade.

The impact of FMD is linked to three characteristics of this disease and its causative 

virus: (a) it is highly contagious; (b) it has a dramatic effect on the productivity of the 

most productive breeds and under the most efficient farming systems; (c) it has 

antigenic variability. FMD is the most highly contagious disease of cloven-hoofed 

animals. It has a short incubation time, usually less than 7 days and this means that in an

16



Chapter one Foot and mouth disease virus

intensive farming system, a primary outbreak can readily explode into a serious 

epidemic. Generally FMD is not a killing disease except in young stock, but it is 

debilitating due to the vesicular lesions it produces. In dairy stock there is a dramatic 

drop in milk yield, and in all species recovery to full productive capacity is very slow. 

Experience has shown that the impact of FMD on national and private livestock income, 

production and development is evident in three areas: trade opportunities, farmer’s 

income and national economy.

%
mLm m

sà.

Endemic Never reported or 
Currently free

Figure 1,1. Worldwide occurrence of FMDV in 1997.

FMD control in endemic areas is implemented by regular vaccination, which has 

resulted in the eradication of the disease in some areas of the world; recent examples 

include Uruguay, Argentina, Paraguay and South of Brazil. A non-vaccination, 

“stamping-out” policy - implying slaughtering of infected and contact animals, together
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with animal movement restrictions, associated with severe controls in the importation of 

animals from affected areas, has been shown effective in maintaining an area free of 

FMD^

FMDV has been diagnosed in 34 countries during the past 18 months. The latest 

outbreaks have occurred in Great Britain, Northern freland, Argentina and France. 1,000 

cases in the recent outbreak are accounted for in Great Britain alone and has been 

caused by the virulent Pan Asian serotype O strain, which first appeared in India in 

1990. By February 25, 2001, most o f Britain had been declared a contaminated area and 

European countries were slaughtering thousands o f animals exported from Britain. The 

only continents currently free (at the time of writing) o f the disease are North America, 

Australasia and Antarctica. Most of the affected countries are still battling FMD.

1.1.2 Pathology

FMDV produces an acute, systemic vesicular disease in farm animals and in more than 

30 wild ruminant species^. In natural infections, the main entry route is the respiratory 

tract and as few as one out of ten particles can produce the disease. FMDV can be 

disseminated by animals, farmers, farming equipment and during animal transportation; 

long distance transmission has also been documented. The initial propagation of the 

virus normally takes place in the pharynx epithelium and produces primary vesicles or 

“aphtae” ;̂ the virus can also penetrate through skin lesions. After 24-48h of the 

infection, fever and viraemia start, the virus enters the blood stream and spreads to 

different organs and tissues, producing secondary vesicles especially in mouth and feet. 

The mechanism of the viral spread is still not clear although an involvement of 

macrophages has been observed. The acute phase o f the disease gradually declines in a 

week, when a strong humoral response is observed. In some cases, especially in young 

animals, mortality is observed and is associated with lesions in the myocardium. The 

vesicles produced by FMD usually affect cells from the epithelial stratum espinosum. 

However the ability of the virus to spread to different organs and tissues, in which high 

virus titers are found, is still not well documented. A high viral amplification is 

particularly dramatic for pigs, where up to 10^̂  infectious units per infected animal have 

been detected^. In ruminants, FMD produces an asymptomatic and persistent infection 

and the virus can be isolated from a few weeks up to several years after the infection.
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The mechanism that mediates this persistence is still not clear, but there is 

epidemiological evidence to suggest that persistent carrier animals may be the origin of 

outbreaks of acute disease when brought into contact with susceptible animals^.

1.1.3 Genomic organization

The viral particle contains a positive RNA strand o f about 8500 nucleotides enclosed in 

a proteic capsid. The genome can be divided into three parts: the 5’ non-translated 

region (5’NTR), the open reading frame of the polyprotein and the 3’ non-translated 

region (3’NTR) (figure 1.2). A signature o f all Picomaviruses is their unusually long 

5’NTR (>10% of genome length). The single open reading frame (ORF) is flanked by 

the two non-translated regions, both related in producing complex secondary structures. 

Like all Picomaviruses, a small VPg (viral protein genome-linked) protein is covalently 

linked at the 5’ end^^. The 5’ NTR (about 1200 nucleotides) is divided by a poly C 

(cytosine) tract located about 400 nucleotides from the 5’ end. There is not much 

knowledge about the region upstream of the poly C tract except for the presence of a 

clover leaf stmcture at the 5’ end characteristic of poliovirus RNA and involved in the 

synthesis o f positive strand RNA. The presence o f the poly C tract is unique in 

aphtovimses and cardiovimses; its length varies among isolates and, even if its exact 

function is still unknown, it has been associated with viral virulence^ \  The translation 

initiation o f RNA starts with two AUG codons at the 5’ end, following ribosome 

recognition of the upstream internal ribosome entry site (1RES). This region is highly 

structured and it contains different functional features such as the binding to cellular 

proteins. A highly ordered stmcture is also predicted at the 3’ NTR of the FMDV 

genome. RNA transcripts, complementary to this region, inhibit viral infectivity in cell 

culture. All Picomavims genomes terminate with poly A (adenine) at the 3’NTR, 

essential for genome replication.

Replication and translation of FMDV RNA^^ occurs in the cytoplasm of infected cells 

and all the biochemical processes are associated at the cell membranes 

The ORF encodes for a single polyprotein that is cleaved by several proteases to 

different viral products. The P I-2A region encodes for the stmctural proteins V Pl, VP2, 

VP3 and VP4. The regions L, P2 and P3 encode for eight different mature non- 

stmctural proteins (NSP). Each of them, as well as many intermediates, is involved in
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functions relevant to the virus life cycle in infected cells. The P3 region comprises four 

mature proteins, 3 A, 3B, 3C and 3D. The presence of three tandem non-identical copies 

of 3B (VPg) is unique among Picomaviruses and represents a rare case of redundancy 

in the genome of a viral RNA. VPg is involved in the initiation of RNA replication and 

it seems that the level of infectivity correlates with the number of copies present in the
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Figure 1.2. Scheme of FMDV genome, the single encoded polyprotein (ORF) and the 
viral mature proteins.

1.1.4 Structure of the capsid

The stmctures of FMDV virions of serotype C and A and some antigenic 

variants have been determined by X-ray crystallography and, despite differences in the 

sequences among the different serotypes, they exhibit similar general stmctures (figure 

1.3). They consist of non-enveloped capsids of icosahedral symmetry composed of 60 

copies (protomer) each of four proteins: V Pl, VP2, VP3 (external) and VP4 (internal) 

which could be considered an extension of the VP2 N-terminus. Each of the VP1-VP3 

proteins has the same architecture, consisting of eight strands o f P stmcture arranged as 

a sandwich of two four-stranded sheets. The strands are denominated as B, C, D, E, F, 

G, H and I and are connected by loops of different lengths denominated by the two
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letters corresponding to the two strands they connect. These loops, as well as the C- 

termini of VP1-VP3, are exposed on the surface of the capsid, whereas the N-termini 

are located facing its interior.

Figure 1.3. X-ray crystallography of an FMDV capsid 16

Five protomers are fastened together in a stable pentamer by the interweaving of the N- 

terminal residues of VP3. The edge-to-edge association of the pentamers generates an 

icosahedral capsid, which is mediated in part by a series of hydrogen bonds connecting 

the strands of a 3-sheet that extends through the thickness of the capsid with strands 

running tangential to the viral surface (figure 1.4). Further stabilization comes from 

VP2-VP2 interactions and the importance of this protein in stabilization is reflected in 

the fact that it constitutes over 80% of the surface area buried on assembly of the 

pentamers to form the capsid.

Despite structural similarities between Picomaviruses, FMDV exhibits characteristic 

features. In most of Picomaviruses cell attachment is mediated by a “canyon”, a 

prominent depression present on the vims surface. In contrast, the FMDV capsid is 

relatively smooth with no obvious canyon, but remarkably, the G-H loop sticks out from
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the surface and contains the highly conserved Arg-Gly-Asp (RGD) motif that 

constitutes the main cell attachment site and comprises a major neutralization site.

i

Figure 1.4. Schematic core o f the basic eight stranded P barrel structure and 
arrangement of V Pl, 2 and 3 within the FMDV capsid.
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The G-H loop spans about 20 residues around positions 140-160 and can adopt different 

conformations without interfering with the rest of the capsid. The conserved RGD motif 

adopts an open turn conformation between a p-sheet at its amino terminus and a helix at 

its carboxy terminus. Around these structural domains, residues lacking secondary 

structure are present, and this presumably confers flexibility to the loop and connects it 

loosely to the capsid.

Unlike other Picomaviruses, the FMDV capsid presents a highly hydrophobic hole 

which allows penetration of molecules such as intercalating dyes and caesium ions’"*. 

FMDV particles are also unstable at pH <6 and at physiological temperatures’.

1.1.4 Antigenic structure

One of the difficulties in controlling FMDV is the occurrence of the virus in seven

distinct serotypes and immunity conferred by vaccination against one serotype leaves

the animals susceptible to infection by the other six. Moreover, the antigenic variation,

even within a specific serotype, can be so great that immunity against the homologous

strain o f the virus does not necessarily ensure protection against infection by other

viruses within that serotype’ .̂ This variation is surprising because in all o f the many

proteins of the virus that have been sequenced, the triplet Arg-Gly-Asp, which is

important for the cell attachment, is present at residues 145, 146 and 147 on a prominent

surface loop of V P l’ .̂ This sequence, first noted by Geysen et al.’ ,̂ is highly conserved

in the seven FMDV serotypes with only one exception, strain AiobTwhich has the

sequence RSGD in the equivalent position. It was hypothesised that the absence of

cross-reactivity could be due to the fact that the antibody footprint in this region

includes some sequence surrounding RGD and the variation o f this sequence could be

sufficient to prevent binding of antibody to the RGD region o f another serotype^’’. An

important antigenic role for VPl is indicated by the fact that treatment of the virus

particle with trypsin results in the cleavage of only this polypeptide, with a concomitant

decrease in infectivity and, depending on virus strain, a loss o f immunizing activity^’.

Indeed, VPl isolated from virus particles has some, although very low, immunizing

activity, whereas the other three viral polypeptides have no such activity.

A single inoculation of the synthetic peptide corresponding to the 141-160 VPl

sequence plus Freund’s adjuvant or A1(0 H)3 elicits sufficient neutralizing antibodies to
_
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protect guinea pigs against subsequent challenge with FMDV and a single peptide has 

from 1 to as much as 10% of the activity of the inactivated virus particle. Furthermore, 

the neutralizing antibody titre elicited by the peptide is several orders in magnitude 

greater than the best results obtained by immunization with the capsid protein VPl. The 

reason for this difference may be that the antibodies induced by the synthetic peptides 

are more closely related quantitatively to that induced by virus particles than to that 

induced by VPl^^.

Two additional neutralization sites have been described: in type A, site C is located at 

the C terminus of VPl and is apparently continuous and independent from the G-H loop 

(or site A). In type O, its vicinity to the G-H loop in the structure of the capsid suggests 

that sites A and C conform to a single site composed of discontinuous epitope. Site D is 

discontinuous, comprising residues involving all surface polypeptides, and lies within 

the C terminus of VPl (residue 193), the VP3 B-B knob (residue 58) and VP2 B-C loop 

(residues 72, 74 and 79). However, the G-H loop is the major site and single amino acid 

substitutions in this region o f naturally occurring variants o f serotype A virus, even in 

the absence of any other changes in the capsid proteins, are sufficient to confer major 

differences in the neutralizing activity of the corresponding antisera^^.

The amino acid substitution o f Ala 138 with a Thr and of Leu 147 with an He or a Val, 

reduced 100-fold the binding titre of Mab (monoclonal antibody) SD6 to virions or to 

V Pl. This could be the result o f the restriction of the local mobility imposed by the 

additional bulky radicals on the |3carbon of Thr, He and Val that could reduce any 

induced fit involved in the antigen-antibody recognition^^. Furthermore, substitution of 

a Pro for Gly in theG-H loop resulted in a 70-80% reduction in inhibition, and the loss 

of a carboxylic acid group (Ala for Asp) lowered the inhibition by about 60%^^. 

Non-conservative substitutions at position 143 and 147 of V Pl have no detectable effect 

on virus growth but, in contrast, it had a profound effect on viral replication. These 

results establish unambiguously that this sequence is essential for the cell attachment of 

FMDV to its normal receptor but it seems that it is not required for any steps in 

replication subsequent to absorption^^.
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1.1.5 Cell recognition by FMDV

FMDV gains entry to host cells by using two classes of cellular receptor; integrins and 

heparan sulphate (HS) proteoglycans.

(1) RGD-dependent mechanism: structural and functional studies over the last 

decade have confirmed that the motif RGD interacts with integrin ovPs. The 

RGD sequence is, in fact, a universal cell-recognition site present in various 

extracellular proteins, interacting with cell surface integrin receptors^^. Initial 

evidence for this interaction came from the presence, in VPl FMDV, of the 

highly conserved RGD m otif within an extremely variable G-H loop region, 

together with the inhibition of virus absorption by RGD-containing peptides^^. 

Further confirmation for QvPb involvement came from studies with A u  FMDV 

on inhibition of virus absorption and plaque formation by antibodies to QvPs and 

more recently from the use of cell lines modified to express this integrin^^. The 

requirement of an RGD-integrin binding motif for virus infectivity has also been 

confirmed by direct mutagenesis o f infectious cDNA clones for serotypes A, C 

and O of FMDV^^ and each kind of FMDV serotype was found to bind purified 

human integrin cxvPs in an RGD-dependent manner. Furthermore, ay 3 3 has 

shown to be the functional receptor for FMDV infections in cattle and new lines 

of evidence suggest the possible involvement of asPi integrins. Recent studies 

show that immobilized ay3i receptors appreciably bind FMDV only when 

activated by manganese ions or by an activating antibody that does not interfere 

sterically with virus binding. These requirements are essential for ag^i 

activation, which can bind all seven FMDV serotypes by a mechanism that, as 

with «v33, is sensitive to competition by peptides containing the sequence RGD. 

The identity of the amino acid residues flanking the RGD motif seems to be 

crucial in protein interaction with integrins^"^.

(2) RGD-independent mechanism: interaction with an integrin receptor is not 

required for FMDV uncoating and the virus can infect the cells by an antibody- 

dependent pathway^^. This suggests that expression of different cells at the virus 

surface, which can act as receptors or co-receptors, may exert an important 

selective pressure on FMDV. A great selection of FMDV mutants has been
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obtained by propagation in cell culture. These mutants are characterized by 

different phenotypic alterations such as improved replication capacity, enhanced 

resistance to Mabs, binding to heparin, and all o f these traits are associated with 

a limited number of capsid alterations that let FMDV the use of an RGD- 

independent cell recognition mechanism. Binding to heparin, which is associated 

with the capacity of FMDV to interact with heparan sulphate glycosaminoglycan 

(HSGS) residues on the cell surface, has been determined with subtype 

OiFMDV. The electron density map of both complexes (FMDV-HSGS and 

FMDV-heparin) reveals a short, five residue portion o f the polysaccharidic chain 

bound to the virion surface and shows the involvement o f positively charged 

amino acids at the capsid surface^^. The location o f these critical residues 

appears to be different not only in different serotypes but also within the same 

virus clone with different passage history in cell culture.

In addition, some viruses can infect cells through the immunoglobulin Fc 

receptor (FcR) in the presence o f virus-specific antibodies^®. This pathway, 

defined as antibody-dependent enhancement (ADE) of infection, may play a role. 

in pathogenesis.

It is currently unknown if these different mechanisms act in concert or as alternative 

receptors, despite the importance of cell surface HS for attachment to the integrin 

receptors^’ having been recently demonstrated.

The recent identification of FMDV mutants which are able to enter via RGD- 

independent and HS-independent mechanisms, supports the idea o f the existence of an 

additional receptor molecule and suggests the possibility for this virus to use multiple, 

alternative receptors for entry even in the same cell type^^.

1.2 Vaccines

1.2.1 Introduction

Vaccination has the capacity to protect the immunized patient by priming the 

immunological defence against a secondary exposure. Vaccines are immunogens 

capable of stimulating the host immune system, where deliberate exposure to the 

antigen results in the production o f memory B and T lymphocytes against a specific
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target. A patient is adequately immunized when a secondary exposure to the same 

antigen elicits a more rapid humoral and cellular response. This rapidity allows the 

elimination of the pathogen before the infection produces significant cellular injury. 

Thus, the purpose of a vaccine is to either prevent or reduce acute clinical manifestation 

of infection.

1.2.2 Types of vaccines

Various types of vaccines exist and they are classified as live or inactivated vaccines. 

Live vaccines are organisms that replicate in the immunized patient but are less 

pathogenic because they have been attenuated. Inactivated vaccines can be either killed 

organisms or purified fi*actions of a pathogen.

There are several characteristics that define an ideal vaccine. It should be able to mimic 

the immunological response as if  it was an actual pathogenic incursion. Immunological 

activation should include both a cellular and a humoral response, involving both T and 

B lymphocytes. An elevation of IgG is essential, indicating that there has been T cell 

priming and activation. The immunological response should be durable such that daily 

or monthly administration is unnecessary and should provide life-long protection. The 

ability to produce a continuous and low dose antigenic challenge should provide a 

sustained and durable immune response, thus circumventing clinical disease. An ideal 

vaccine should also lack any long-term undesirable effects such as reactivation and 

cancer development.

Traditional vaccines

1.2.2.1 Attenuated live vaccines

Live attenuated vaccines were the first agents described to confer specific immunity. 

The goal is to prime the immune system to respond against the desired organism 

without the development of disease. These vaccines consist of weakened or attenuated 

organisms that can proliferate and provide a continuous antigen to the host. Patients 

who receive attenuated vaccine may develop subclinical disease where symptoms are 

less intense compared actual infections. However, there is a remote possibility that the
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organism may revert to a virulent form and cause the disease. It is for this reason that 

live vaccines continue to be carefully tested and monitored. There are several methods 

to attenuate viruses for vaccine production:

(a) Use of a related virus from another animal - the earliest example was the use of 

cowpox to prevent smallpox.

(b) Administration of pathogenic or partially attenuated virus by an unnatural route.

(c) Passage of the virus in an “unnatural host” or host cell - the major vaccines used 

in man and animals have all been derived in this way. Initial passages are made 

in healthy animals or in primary cell cultures and after repeated passages the 

virus is administered to the natural host.

(d) Development of temperature-sensitive mutants.

(e) Heat, high-energy waves and chemicals - high-energy waves can cause DNA 

damage. Both gamma radiation and ultraviolet (uv) waves can attenuate the 

virulence.

The vaccines for yellow fever, measles, rubella and mumps are all produced from live, 

attenuated organisms.

1.2.2.2 Killed vaccines

Unlike attenuated vaccines, inactivated vaccines contain non-replicating organisms or 

cellular fractions, thus the risk of direct vaccine induced disease is minimal. Without 

proliferation, these vaccines cannot provide the continuous antigenic challenge that is 

important for immunological priming. In addition, inactivated vaccines are usually less 

effective when compared to attenuated vaccines for the same antigen. Reduced 

immunogenicity may be the reason for inactivated vaccines being less effective. 

Decreased immunogenicity may be attributed to disruption of the natural conformation 

of the antigen, to antigen breakdown or interaction with other cellular components. 

Although the potential for direct vaccine induced disease is minimal, it is impossible to 

ensure that all organisms are completely inactivated without destroying the antigen(s). 

There are various techniques to inactivate or kill organisms. The major difference is the 

duration and the intensity o f the treatments that are similar to the one used to attenuate 

microorganisms. They can be killed by heat, irradiation or by chemicals. Loss o f
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cellular structure may reduce the amount of immunogen available for immune 

sensitisation. Here vaccine adjuvants are added to improve their immunogenicity.

The vaccine for influenza is an inactivated one, as are the vaccines for cholera and 

hepatitis A.

New and second generation vaccines 

1.2.2.3 Subunit vaccines

Since vaccines are immunogens that are cellular components, it follows that only the 

immunogenic components are necessary. The cellular components can serve as a 

vaccine. This can be accomplished by disrupting the cellular structure by mechanical, 

chemical or high-energy techniques and isolating the cellular fractions. If the desired 

fraction is on the cellular surface, the disrupted cellular mixture is centrifuged in a 

density gradient and membranes are isolated after removal of the cytosolic and nuclear 

fractions. Since the cellular membrane is a mosaic of lipids, proteins, glycoproteins and 

glycolipids, it has to be further fractionated. This can be accomplished using column 

chromatography techniques. Increasing purification may sometimes lead to loss of 

immunogenicity and this may necessitate coupling to an immunogenic carrier protein or 

adjuvant. Today, subunit vaccines are used to protect against pneunomia caused by 

Streptococcus pneunomiae and against a type of meningitis.

1.2.2.4 Recombinant viral proteins

Recombinant techniques are also used for producing virus proteins. In this case, the 

immunogenic fractions of the isolated cellular component(s) are digested with enzymes 

to yield small peptide fragments. Isolated fragments will be sequenced and from the 

amino acid sequence, a degenerative sequence of about 30 nucleotides is synthesised. 

These nucleotide sequences can be used as a complementary probe in the genome 

containing that sequence. Once the genome has been isolated and the various genes 

separated, the probe will bind to the specific complementary sequence allowing 

isolation o f the desired gene. Once the gene has been isolated, it will be inserted in a

29



Chapter one______________________________________Foot and mouth disease virus

vector and amplified in an expression cell system. The desired cellular subunit product 

will then be purified and tested for its ability to produce a humoral and cellular immune 

response in animals. A recombinant subunit vaccine for hepatitis B virus infection is 

now licensed for use in United States. The vaccine is produced by inserting a tiny 

portion of hepatitis B virus genetic material into common baker’s yeast.

1.2.2.5 Anti idiotype vaccines

Vaccines have also been produced using antibody technology. Anti-idiotype antibodies 

are secondary antibodies targeted against the antigen binding fragment (Fab) of the 

primary antibody that is specific for a region on the antigen. Structurally, the anti

idiotype antibody resembles the original antigen and is utilized as the antigen to produce 

the vaccine. Anti-idiotype antibodies have many potential uses as viral vaccines, 

particularly when the antigen is difficult to grow or hazardous. However, although risk 

of contamination is eliminated, the cost for their production is high. Furthermore, due to 

their high degree o f specificity, targeted organisms can escape the activated immune 

response by making small mutational changes.

1.2.2.6 Vaccinia

An alternative application of recombinant DNA technology is the production of hybrid 

virus vaccines. The best known example is vaccinia, a highly immunogenic vaccine, 

now also used as a biological carrier for weakly immunogenic subunit particles. A 

vaccine vector, or carrier, is a weakened virus or bacterium into which genetic material 

from another disease-causing organism can be inserted. The vaccinia virus, the virus 

that causes cowpox, is now used to make recombinant vector vaccines. Utilizing DNA 

technology, genes are inserted into the vaccinia where the antigens are expressed on the 

surface of vaccinia carrier. The recombinant virus vaccine can then multiply in infected 

cells and produce the antigens of a wide range of viruses. Utilizing vaccinia as a carrier 

provides the advantage of attenuated vaccines where a continuous flow of antigens is 

challenging the immune system. Also, these vaccines can have more than one antigen
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used in a single carrier, where the insertion of a number of genes can result in the 

formation of a number o f different immunological responses.

Hybrid vims vaccines are stable and stimulate both cellular and humoral immunity. 

They are also relatively cheap and simple to produce. Being live vaccines, smaller 

quantities are required for immunization. Alteration in the genome of vaccinia vims 

during the selection of recombinant may alter the vimlence o f the vims. The use of 

vaccinia also carries the risk of adverse reactions associated with the vaccine and the 

vims may spread to susceptible contacts.

1.2.2.7 DNA vaccines

Recently, encouraging results were reported for DNA vaccines where the gene coding 

for the foreign antigen can be placed directly into a DNA vaccine format, thereby 

avoiding the need to synthesize and purify the protein. A DNA vaccine is a simple 

vehicle, consisting of a backbone of bacterial DNA in which the cDNA encoding for the 

potential antigenic sequence is inserted. Transcription is usually driven by a 

promoter/enhancement from cytomegalovims. There is a large interest in using DNA 

vaccines and the experience gained has relevance for cancer vaccines^^. Interestingly, in 

addition to providing a convenient carrier for the chosen cancer sequence, the bacterial 

DNA contributes to the activation of immunity, due to the presence of bacteria-speciflc 

sequences in the backbone that are capable of stimulating the innate immune responses. 

The effect is to release mediators such as interferons oc and (3, interleukin-12 (IL-12) and 

IL-18 from macrophages/monocytes and interferon y  from natural killer (NK) cells. 

DNA vaccines are usually injected into either muscle or skin and the route to the 

immune system is not completely clear. Muscle cells can be transfected and, as all the 

transfected cells, they can act as a depot of antigens^^. Uptake by antigen-presenting 

cells (ARC) occurs in several ways. Secreted proteins can be taken up by pinocytosis or 

via specific receptors. There is also evidence for direct transfection of ARC. The 

outcome is the induction of antibody and T cell responses against the encoded protein, 

especially from Th cells, due to the cytokines released by the innate immune system. 

DNA vaccines are also effective in stimulating cytotoxic T lymphocytes (CTLs) which 

can kill antigen-positive cells directly, including tumour cells.
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Despite being safe, easy to make and inexpensive, enthusiasm for DNA vaccination in 

humans is tempered by the fact that delivery o f DNA into cells is still not optimal. 

Another concern is the possibility that the vaccine’s DNA will be integrated into host 

chromosomes and will turn on oncogenes or turn off tumour suppressor genes.

1.3 Synthetic vaccines

1.3.1 Introduction

The current procedures of vaccine preparation present problems including whether a 

particular viral vaccine preparation is completely killed or sufficiently attenuated, the 

difficulty in preparing enough material for vaccine production and the genetic variation 

o f the viruses. For these three and other reasons, considerable effort has been made to 

develop chemical or synthetic vaccines. In 1982 Louis Chedid and Michael Sela 

produced the first synthetic vaccine: an anti-diphtheria peptide vaccine was synthesised 

from fragments of diphtheria toxin "̂ .̂

An optimal synthetic vaccine should possess the following three general attributes: (1) 

prime a specific population of lymphocytes to produce protective responses by 

shortening the time necessary for clonal amplification; (2) stimulate T, B and any other 

cell involved in immunity response; (3) result in long-term memory. These goals seem 

to be not particularly contentious, but the mechanisms in vivo are not so simple. Firstly, 

the conformation of an immunogen influences the generation of an immune response: 

peptides exist in solution in a very large number of different conformations; in contrast, 

proteins exist in one or very few conformations. This means that a peptide may not 

elicit the same quantitative and sometimes qualitative response as the corresponding 

intact protein. By definition, an effective peptide is one that elicits an immune response 

that cross-reacts with the pathogen and is protective.

Furthermore, recent studies have demonstrated that while B cell responses are 

dependent on the conformation of an im m unogen^T  cells recognize only immunogen 

fragments linked to class I or II major histocompatibility complex (MHC) on the surface 

o f APC cells and so their responses are independent o f the conformation of the 

immunogen. In order for a peptide to be immunogenic, it must be capable of binding an 

MHC protein of the immunized animal and this requirement is considered to be the
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basis by which the organism defines self and distinguishes non-self throughout its 

lifetime.

1.3.2 Immunogenicity of peptides

Like the majority of small organic molecules, many peptides are not immunogenic 

unless they are conjugated to a carrier which is usually a protein. Recent research has 

demonstrated that to be effective an immunogen must either: (1) be polyvalent and thus 

activate B cells by cross-linking surface immunoglobulins, or (2) bind an MHC protein 

and be displayed on the surface o f cells. Conjugation to a large protein ensures the latter 

condition, converting peptides that were ineffective immunogens into potent inducers of 

antibodies. Two different groups working on strategies to use peptides against malaria 

and FMDV recognized that the linear peptides corresponding to the protective antibody 

determinants were insufficient to immunize mice of divergent histocompatibility types. 

The problem was overcome by covalently linking the peptide to a T cell determinant 

that would be recognized by the particular genetic strain o f the mouse. In the case of 

malaria, Good^^ used a determinant within the circumsporozoite protein, while Francis^^ 

conjugated a defined helper determinant from a heterologous protein. Those 

experiments demonstrated the importance of stimulating Th cells in inducing 

immunogenicity. However, this strategy was proved to be efficacious only in a limited 

number of inbred strains of mice. In fact, these experiments did not address the inherent 

problems of immunizing an outbred population expressing a wide range of MHC alleles 

and this has always been the primary criticism of peptide vaccines. A possible solution 

would be to generate a cocktail o f peptides that would bind the majority of MHC 

proteins, even if  such a mixture would not probably be large enough.

1.3.3 Humoral responses

In the late 1960s and in the early 1970s Sachs^^ studied the factors that determine 

whether the antipeptide antibodies cross-react with the intact protein. By using peptides 

both as antigens and immunogen, he could demonstrate that one of the factors that 

determine the ability of a peptide to elicit a cross-reactive antibody is based on the free 

energy necessary to adopt the conformation it has in the original intact protein.
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Antipeptide antibodies cross-react with the native, intact protein with an affinity only 

10'^ lower than it would bind the peptide itself. Obviously, not all peptides 

corresponding to different sections o f the protein will be equally poor at eliciting cross

reactive antibodies. For example, the amino terminus of a protein does not exist in a 

single, stable conformation when part of the intact protein, and so will elicit antibodies 

that cross-react well with the intact protein. In contrast, if  the peptide sequence is part of 

a 3-pleated sheet, a structure that requires other portions o f the protein to be stable, the 

peptide will not elicit antibodies that could cross-react with the native protein.

Later experiments, mainly biological, have otherwise emphasized the limitations of 

peptides as surrogate proteins, because very few antipeptide antibodies reacted with the 

native proteins in sufficient affinity to be of general utility. The principal issue then 

became how to constrain a peptide conformation. A variety o f approaches have been 

taken and they can be classified as chemical and biological.

1.3.3.1 Chemical strategies

The earliest examples of how to constrain peptide conformation by adding covalent 

bonds were the cyclization of peptides by introducing an additional peptide bond 

between the first and the last amino acids of the sequence. The ease of synthesis 

depends on the length of the peptide, being simpler for hexapeptides. Immunologists 

have opted for simpler synthetic approaches using cysteines to link the ends by disulfide 

bonds. One of the first examples was the cyclization of the naturally occurring loop in 

lysozyme^^. The disulfide-linked peptide reacted very well with antibodies raised 

against the intact protein, while the reduced peptide was not recognized. Furthermore, 

conjugation with a carrier protein generated a molecule that cross- reacted well with the 

intact lysozyme. In 1988 Satterthwait developed a method to restrain peptide 

conformation that not only mimics reverse turns, but also a-helices. The rationale was 

to introduce additional covalent bonds isosteric with the hydrogen bonds inherent in 

reverse turns and a-helices"^^.
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1.3.3.2 Biological strategies

Several groups have recently used molecular biological techniques to substitute 

fragments of one protein into a second, using the inherent tertiary structure o f the 

protein as a scaffold. One of the first examples is the work of Hynes who transferred a 

(3-turn from concanavalin A to staphylococcal nuclease'^\ He was able to demonstrate 

that the hybrid protein containing the guest turn sequence retained full nuclease 

enzymatic activity. Another successful example was the construction of hybrid polio 

virions. Burke et al. constructed a chimeric VPl by replacing amino acid residues 95- 

102 of VPl of the type 1 Sab in strain with the corresponding residues from a type 3 

strain"^ .̂ When the mutated virion was tested for reactivity with a set o f monoclonal 

antibodies, it behaved in a similar manner to both type 1 and type 3. When used as an 

immunogen, it produced antibodies against both types 1 and 3 in both mice and rabbits. 

In addition, the hybrid virus could be given orally to cynomologus monkeys, eliciting 

response to both viral strains.

1.3.4 Oral delivery system vaccines

Presently the majority of vaccines are administered via percutaneous injection, which 

primes the immune system to combat organisms when they enter the bloodstream. 

However, most causative agents o f infectious diseases are normally encountered at 

mucosal membranes. This is one of the compelling reasons that have led to the search 

for alternative routes of administration o f vaccines that would provide immunity at 

these surfaces. Oral and nasal vaccines have been shown to effectively stimulate the 

mucosal immune system and so may stop many infections before they reach the blood”̂ .̂ 

Oral vaccines have the obvious advantage o f not requiring the use of needles and can 

preserve antigen in a more stable form"̂ "̂ .

There are a number of oral and nasal vaccine delivery systems currently being 

developed and tested:

Encapsulation Systems: microcapsules, liposomes, immune stimulating complexes 

(ISCOMs)

In this type of system, the antigen is placed inside a synthetic capsule. After being 

swallowed, the capsule degrades inside the body exposing the antigen. This is an area of
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active research, as several antigens as well as adjuvants can be put into the capsule. 

Many different kinds of encapsulation systems have been developed.

Most work has been done on one particular type of encapsulation system, 

microcapsules. These microcapsules are biodegradable capsules made of lactic and 

glycolic acid polymers with a soluble interior and are also used for drug delivery. So 

they are considered quite safe. Furthermore, they are considered beneficial in providing 

mucosal immunity as the capsules have been shown to stay intact in the harsh 

gastrointestinal tract, before releasing the encased antigens in several controlled phases. 

In this way the microcapsule targets the antigen to the appropriate lymphoid organs 

which enhances the body’s immune response. This type of microcapsule system is 

currently being explored as a way of delivering tetanus, diphtheria, cholera, hepatitis B 

and HIV vaccines.

Another type of delivery system currently investigated is the liposomes. A liposome is a 

tiny sphere made up of lipids that occur naturally in the body. These lipids are the same 

as those that form the membranes surrounding normal cells. In this type of system both 

soluble and insoluble antigens can be used in the vaccine. Soluble antigens are enclosed 

inside the liposome sphere, while insoluble antigens can be inserted into the membrane 

itself. This type of system is also advantageous in that the liposomes can fuse with the 

plasma membranes of cells, allowing the effective uptake and presentation of antigens 

to the immune system. Liposomes have been used to delivery hepatitis A antigens 

effectively in Switzerland with no side effects.

Immune Stimulating Complexes (ISCOMs), a type of encapsulation system, are cage

like particles made up of naturally occurring lipids cross-linked with a detergent and a 

glycoside to form a lipid membrane that encases an antigen inside. Studies have showed 

that the ISCOM itself is not immunogenic, and that the glycoside acts as an adjuvant. 

These complexes work in the same way as liposomes, but they have the clear advantage 

of being able to survive in the gastrointestinal tract allowing the stimulation of the 

mucosal immunity and providing long lasting protection. Current research is concerned 

with the use of ISCOMs to deliver the measles, herpes virus and HIV vaccines^^.

36



Chapter one______________________________________ Foot and mouth disease virus

Antigen Display Delivery System: Solid-matrix-antibody-antigen complexes 

(SMAA), antigen cochleats

In this type of system, the actual antigen is displayed on the outside of a carrier 

molecule for presentation to the immune system. There are currently two types of 

systems: solid-matrix-antibody-antigen complexes (SMAA) and antigen cochleats.

In SMAA complexes, monoclonal antibodies to the infectious organism are complexed 

to a solid matrix. Immunoreactive antigens from the organism are then added in high 

concentration to the monoclonal antibody mixture. This allows the immunoreactive 

antigens to complex with the monoclonal antibodies, forming the SMAA complexes. 

These complexes are large enough to be phagocytosed, thus promoting both humoral 

and cell-mediated immunity.

Antigen cochleats are a second type of antigen display delivery system. This system is 

composed of a large continuous sheet of phospholipid and calcium surrounding a layer 

o f antigen. The entire sheet is then rolled up into a spiral. Because the nature of the 

structure, the antigen is not exposed, being hidden inside the roll and thus protected 

from degradation. When the cochleate enters the body, the matrix slowly breaks down, 

gradually exposing the antigen. This type of complex is considered safe, as both 

phospholipids and calcium are naturally occurring substances in our bodies. This type of 

system is ideal for oral delivery since the complex is not easily broken down and 

proteins, peptides or DNA can be used as encapsulated antigens. Antigen cochleats are 

being explored for the delivery of a subunit HIV vaccine.

1.4 Vaccine adjuvants

1.4.1 Introduction

It is generally agreed that subunit antigens efficiently elicit humoral and cell-mediated 

responses only when administered with adjuvant formulations. These can be defined as 

formulations that enhance humoral and cell-mediated immune responses to antigens. 

The formulations frequently have two components, an adjuvant and a vehicle. The term 

vehicle is used to make the distinction from a carrier, which is an immunogenic 

molecule bound to a molecule o f low immunogenicity and able to augment immune 

responses to the latter, e.g., a protein bound to a bacterial capsular polysaccharide.
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Commonly used adjuvants in the past have included aluminium compounds and 

Freund’s adjuvant (complete or incomplete). The use of alum as an adjuvant has proved 

to be safe, showing no side effects, but its immunogenicity is limited. Freund’s 

complete adjuvant is a stronger adjuvant that contains some elements from the organism 

Mycobacterium tuberculosis. Other groups of compounds that have been evaluated for 

use as vaccine adjuvants include derivatives of lipopolysaccharide from gram negative 

bacteria. Monophosphoryl Lipid A is one example o f this group that has shown to be 

immunostimulatory with few side effects. Triterpenoid glycosides form Quillaja 

saponaria have also been shown to exhibit adjuvant activity but with some side effects. 

A submicron emulsion adjuvant, MF59, is another potent adjuvant with low toxicity 

There have been many examples of new adjuvants in the literature and the development 

o f an ideal adjuvant for vaccines is important for making vaccines as effective as 

possible. A novel vaccine adjuvant was reported by Hilgers et al. in 1997"̂ .̂ This group 

had shown in previous work that sulphate and lipid groups grafted into polysucrose 

molecules generated high antibody titres in pigs when used as a vaccine adjuvant in 

squalene-in-water. Their work, in 1997, aimed to evaluate the effect of different 

polysaccharide molecules and different oils on the immunostimulatory properties, 

reactivity and stability of the adjuvant construct^^. Ideally a vaccine adjuvant will be 

non toxic, cause minimum reaction at the site o f injection, require a single dose to 

stimulate both humoral and cell-mediated immunity, be stable at room temperature and 

have a long shelf-life. Hilgers et al. found that sulfo-lipido cyclodextrin in squalene-in- 

water was the best candidate for a vaccine adjuvant out o f those tested.

Perhaps the most novel approach to vaccine adjuvants is that of using synthetic 

oligonucleotides to induce cellular responses to a protein antigen. In 1997, Lip ford et al. 

demonstrated that synthetic oligonucleotides containing the motif cytosine-guanine 

(CpG) are powerful stimulants of humoral and cellular immunity. It seems that the CpG 

m otif in the unmethylated form is more common in bacteria than in vertebrates and 

elicits a stimulatory response that is 100 fold greater than the antigen by itself. The use 

of these adjuvants could provide very safe and effective improvements to vaccination'^^. 

Increasing the magnitude of the immune response through adjuvants also offers 

practical advantages: if  the use of a particular adjuvant can reduce the number of 

immunizations needed to produee the required level of immunity, compliance will be
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improved as the number of individuals successfully completing the course of 

immunization will increase. The cost of administering the vaccine will also be lower. 

Increasing the potency of vaccines by adjuvants may also reduce the dose of vaccine 

required to elicit a protective immune response. Where vaccines are complex mixtures, 

reducing the dose can also reduce side effects as the amount of potentially toxic material 

administered is decreased.

1.4.2 Adjuvant formulation concerns

Adjuvant stability is also crucial in subunit vaccine design. Like vaccine immunogens, 

adjuvants may degrade through chemical or physical pathways. Chemical degradation 

can occur via several mechanisms such as hydrolysis or oxidation. The products of 

hydrolysis usually retain only a fraction o f the activity o f the parent compounds and the 

result is a rapid decrease in product shelf life.

Another important concern in the use o f adjuvants is acute or sub acute tissue damage at 

the injection site, or a later granulomatous reaction. Even alum produces an appreciable 

granulomatous response at the injection site"̂ .̂

A secondary undesirable effect of adjuvants is pyrogenicity. Some adjuvants, such as 

MDP and EPS are pyrogenic. However, some synthetic analogs of MDP, including 

murabutide^^ and N-acetylmuramyl-L-threonyl-D-isoglutamine [Thr^]-MDP are potent 

adjuvants with greatly reduced pyrogenicity compared with naturally occurring MDP^\ 

Monophosphoryl Lipid A retains adjuvant activity with reduced pyrogenicity^^.

1.4.3 Type of adjuvants

1.4.3.1 Mineral oil emulsions

The study of adjuvants was initiated in 1916 when Le Moignac and Pinay found that 

suspending Salmonella typhimurium in mineral oil increased antibody formation^^ Oil- 

based adjuvants have since been used to increase the humoral responses of farm animals 

to many inactivated bacterial and viral vaccines^"^. Early studies on tuberculosis^^ 

showed that injection of tubercle bacilli induced delayed-type hypersensitivity (DHT) 

against tubercle protein, with little antibody formation^^. Injection of purified protein
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stimulated high titres of antibody but no DHT. Dienes (1936) observed that injection of 

an unrelated protein into a tuberculous focus could elicit DHT to the protein. Freund 

(1956) combined these concepts in the development of Freunds complete and Freunds 

incomplete adjuvants (FCA and FIA)^^. The incomplete adjuvant is a water-in-mineral 

oil emulsion stabilized with the detergent Arlacel A. In general, protein antigens in FIA 

elicit antibody formation but not DTH; protein antigens in FCA also elicit DHT. 

Freunds adjuvants have been widely used in laboratory animals, the most important 

application being in FMD vaccines. Barei et al.^  ̂ compared aluminium hydroxide- 

saponin and oil emulsion in FMD vaccines. The oil phase consisted of a mixture of light 

mineral oils and esters of fatty acids with polyhydric alcohols. In pigs and cattle, the oil- 

adjuvanted vaccine was 3.5 times more effective and produced a more persistent 

immunity. There are studies that demonstrate that the oil-in-water emulsion is not as 

effective as a water-in-mineral oil emulsion.

FCA has not been approved by regulatory authorities for use in human or veterinary 

vaccines because it elicits tuberculin hypersensitivity and granulomatous reactions at the 

injection sites.

Recently, Chiron has developed the more potent MF59, a water-in-oil emulsion of the 

metabolizable oil squalene and two surfactants, polyoxyethylene sorbitan monooleate 

(Tween 80) and sorbitan trioleate (Span 85). An extensive clinical and safety database 

was generated in numerous clinical studies and led to the introduction, in 1997, of an 

MF59-adjuvanted influenza subunit vaccine in the Italian market. More recent studies 

on MF59 revealed its safety in newborns and the adjuvant is currently being tested with 

several vaccine candidate antigens.

1.4,3.2 Aluminium salts

Glenny et al. (1926) precipitated diphteria toxoid by potassium alum and found that the 

precipitate elicited the formation of antitoxin much more effectively than did the 

unprecipitated toxoid. In a later study Glenny^^ showed that alum-precipitated antigens 

were retained at the site of injection for a prolonged period of time. Today, alum 

precipitation vaccines have been completely substituted with aluminium-absorbed 

vaccines, where aluminium hydroxide and aluminium phosphate are the most
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commonly used. Aluminium hydroxide (Alhydrogel) is the only adjuvant currently 

licensed for marketing in United States for human use by the Food and Drug 

Administration. Besides these compounds, aluminium silicate was investigated as an 

adjuvant^^ whereas aluminium hydrochloride was used as adjuvant for raising antisera 

against snake venoms^^'^\ While the usefulness of alum is well established for some 

applications, it has limitations. Not all antigens are adsorbed by Alhydrogel. For 

example, it is ineffective for influenza vaccination and inconsistently elicits cell- 

mediated immunity (CMI)^^. The antibodies elicited by alum-adjuvanted antigens are 

mainly of the IgGl isotype in mice, which may not be optimal for protection. 

Adsorption to alum can denature proteins.

1.4.3.3 Saponins and ISCOMS

Saponins are surface-active agents widely distributed in plants. They can be chemically 

categorized as glycosides with a triterpenoid or steroidal aglycone or sapogenin. A 

group of triterpene glycosides extracted from the South American tree Quillaja 

saponaria, termed Quil A, has adjuvant activity^^. Saponin is a potent adjuvant for 

strong antigens but is relatively ineffective for weak antigens^"^. Saponins have been 

used in several veterinary vaccines, including FMDV^^. Saponin is also an effective 

adjuvant for parasites, including tripanosoma cruzi and plasmodium yoelii^^. However, 

saponins have a number of undesirable effects: they are irritating, pro-inflammatory, 

bind to cholesterol and lyse red blood cells. Different approaches have been tried to 

overcome the side effects. One of the best results was obtained with ISCOMs (immune- 

stimulating complexes), which were originally described by Morein (1984) as particles 

consisting o f Quil A and membrane proteins. An ISCOM is composed of a matrix 

containing Quillaja saponins, cholesterol and phospholipid at a molar ratio of about 

1:1:1. The assembly of ISCOMs is facilitated by hydrophobic interactions between 

these components and the antigen. The preparation of ISCOMs allowed reduction in the 

Quil A concentration and, later studies, confirmed the importance of lipids for the 

formation of the regular cage-like structures characteristic o f ISCOMs, whereas 

preparations lacking lipids tend to form aggregates or micelles.
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ISCOM preparations have been shown to increase antibody responses to a number of 

viral membrane proteins. A commercial ISCOM-influenza vaccine is now licensed for 

use in Sweden^^.

1.4.3.4 Liposomes

Many studies have shown that liposomes can serve as effective adjuvants in inducing 

humoral and cellular immunity to a number o f antigens^^. The toxicity of antigens can 

be reduced or eliminated by their inclusion in liposomes^^. Furthermore, both 

hydrophobic and hydrophilic antigens can be included, obtaining a longer duration of 

antigenic activity. Various techniques have been used to entrap antigens in vesicles 

formed from lipids. The constituents of these vesicles are generally charged diacyl 

lipids similar to those found in cell membranes, such as dioleyl phosphatidylcholine and 

phosphatidylethanolamine^^. Non-polar lipids such as cholesterol can also be included. 

Antigens can be entrapped in liposomes in two ways: the antigenic determinant could be 

masked (encapsulated within the internal aqueous spaces of liposomes) or exposed 

(attached to the outer surface or reconstituted within the lipid bilayer of the liposomes). 

The adjuvancy of liposomes depends on the number of layers, the charge, composition 

and method of preparation.

1.4.3.5 Polymers

Various synthetic polymers have been developed for use as adjuvants. Some, such as 

poly-lactide-co-glycolide (PLGA) are dissolved in organic solvents, mixed with the 

antigen and the solvent is then removed to yield microspheres with the antigen 

encapsulated within them^^’̂ .̂ The antigen can be incorporated as an aqueous solution, 

in which case the antigen solution is emulsified in the organic solvent containing the 

polymer, producing an oil-in-water emulsion, or in particulate form as lyophilised 

powder in which case no émulsification is required. The micro spheres degrade in vivo, 

due to breakdown of the polymer, releasing the entrapped antigen. Polymers such as 

PLGA have little inherent immune stimulating activity and serve primarily as a 

reservoir of antigen. Other polymers, such as block polymers^^ and polyphosphazenes^'^.
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encapsulate antigen in solution by ionic or hydrophobic interactions. The resulting 

complexes may provide a slow release o f antigen but also retain the immune stimulating 

activity, perhaps by facilitating the uptake of antigen by APC.

1.4.3.6 Cytokines

Proteins produced by activated T cells, B cells or APCs can also be used as adjuvants. 

Administration of cytokines with vaccines is intended to increase or redirect immune 

responses by providing intercellular signals that normally would be produced in an 

immune response, but at an earlier time, at higher concentrations, or in an atypical 

location. Examples o f cytokines that have been used in animal models for this purpose 

are IL-12^^ and granulocyte-macrophage colony-stimulating factor (GM-CSF/^. IL-12 

is normally produced by macrophages and elicits the production of IFN-y by NK cells, 

driving the Thl response. GM-CSF is normally produced by macrophages and NK cells 

and enhances the differentiation and antigen presentation functions of macrophages and 

dendritic cells. Cytokines may be rapidly inactivated by inhibitors present in normal 

serum and tissue fluid and may act over narrow concentration gradients. Therefore, 

multiple injections, delivery using a viral vector, or release in a slow-delivery system 

such as PLGA, are required to produce effects using cytokines as adjuvants in 

experimental systems.

1.4.3.7 Lipopolysaccharide and Monophosphoryl lipid A

Gram-negative bacteria such as Escherichia, Salmonella and Pseudomonas have 

endotoxins that induce fever, changes in leucocyte count, hypotension, shock and 

uveitis^^. The endotoxins are LPSs, consisting of hydrophilic polysaccharide covalently 

linked to the hydrophobic lipid A component. LPS has potent immunological adjuvant 

activity, and it induces macrophages activation and non-specific stimulation o f immune 

responses. The structures of Lipid A from Escherichia and Salmonella have been 

elucidated and are quite similar. Observations with synthetic Lipid A and analogues 

have confirmed that the biological activity of LPS resides in the lipid A portion of the 

molecule.
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Chemical modifications of the Lipid A structure have been made in order to decrease 

toxicity without reducing the adjuvant activity of the molecule. Synthetic 

Monophosphoryl Lipid A (MPL) of E. coli was produced by Imoto et al. (1985), while 

Johnson (1987)^* has chemically removed the phosphate moiety from the C-1 position 

of the toxic Diphosphoryl Lipid A of Salmonella. MPL is less toxic than the 

diphosphoryl molecule, but retains much of the adjuvant and mitogenic activity of LPS. 

MPL also induces non-specific protection against bacterial infections. The efficacy of 

MPL as an adjuvant is increased by the addition of bacterial cell wall derivatives and 

trehalose dimycolate (TDM). TDM appears to be responsible for much of the toxicity 

attributed to the mycobacteria in FCA. Toxic side effects in mice, including 

inflammation, granuloma formation, pulmonary hemorrhage, weight loss and death 

have all been reported. It is unlikely that TDM would be approved for use in human 

vaccines. However, MPL formulated in a squalene emulsion has useful adjuvant 

activity.

1.4.3.8 Muramyl dipeptide and its derivatives

The mycobacteria in FCA have several disadvantages. They contain tuberculin and 

other proteins, so that after a single injection animals become sensitised. A second 

injection of FCA produces a massive DTH response. It was a considerable advance 

when Ellouz et al. (1974)^^ showed that the minimal adjuvant-active component of the 

mycobacterial cell wall is N-acetylmuramyl-L-alanyl-D-isoglutamine, also known as 

MDP (figure 1.5). MDP presents an extremely wide range of functional activities that 

extends from the modulation of acquired and innate immune systems to modulatory 

effects on the central nervous system, through either direct or indirect pathways. When 

protein antigens are administered to guinea pigs in FIA and MDP, DTH and antibodies 

of the y 2 isotype are elicited.
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Figure 1.5. N-acetylmuramyl-L-alanyl-D-isoglutamine MDP

MDP produces a large variety of undesirable effects. In an effort to improve the 

adjuvancy and reduce its toxic effects, more than 300 MDP derivatives have been 

synthesized^^. Among these derivatives, 6-0-stearoyl-MDP (L18-MDP) (this 

abbreviation means that the linear alkyl chain with 18 carbon atoms is linked to the 6-0 

position of the muramic acid residue) powerfully induced DTH in guinea pigs when it 

was incorporated into liposomes together with a protein antigen (figure 1.6(a))^\ Later, 

6-0-(2-tetradecylhexadecanoyl)-MDP (B30-MDP; having an «-branched acyl group of 

30 carbon atoms at the 6-0  position of the muramic acid) was shown to exert powerful 

immunoadjuvant activities in both induction of DTH and enhancement o f serum 

antibody production in guinea pigs, even in aqueous solution^^ (figurel.6(b)). Chedid's 

group developed a different type of non-toxic MDP derivative, N -acetylmuramyl-L- 

alanyl-D-glutaminyl-n-butyl ester (MDP(Gln)-0«Bu, murabutide)^^ (figure 1.7 (a)). This 

compound did not induce endogenous pyrogen and despite its capacity to induce IL-1, 

did not produce any febrile or somnogenic response and did not cause arthritis in mice. 

With regard to the immuno adjuvant activity, murabutide was comparable to MDP in 

mice and guinea pigs.
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Recently, a French group^^ reported a new non-toxic MDP derivative: N- 

acetylmuramyl-L-threonyl-D-isoglutaminyl-glyceryl-dipalmitate (MDP [Thr]-GDP)

(figure 1.7 (b)), which was devoid of pyrogenicity or synergic toxicity with LPS and 

retained the capacity to enhance the non-specific resistance to infections and the 

antigen-specific adjuvant activity. This compound is a direct descendant of 1-0-MDP- 

2,3-0 -dipalmitoyl-57î-glycerol (MDP-GDP) described by Phillips et al^ .̂ It was 

demonstrated that MDP-GDP, incorporated into ffeeze-dried liposomes, is 10 times 

more effective than liposome containing MDP and 7000 times more effective than free 

MDP in inducing macrophage cytotoxic activity in vitro and in situ. MDP-GDP also 

showed antitumour activity in vivo. An MDP [Thr] was proposed by Allison’s group^^ as 

a useful adjuvant for vaccines in a pluronic polyol formulation containing squalane and 

Tween 80 (SAP).
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Figure 1.6. Structures of L18-MDP(a) and of B30-MDP(b)

Extensive studies have been conducted in order to replace the peptide moiety of 

muramyl peptides, following the structural requirements o f the muramic acid residue. 

Also, Tsujimoto et al.^^showed that chemically synthesized N-acetylglucosaminyl- 

(3(l->4)-N-acetylmuramyl-L-alanyl-D-isoglutamine (GMDP) was a more potent 

adjuvant than MDP. Several cell types have specific intracellular GMDP-binding sites.
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but up until now signal-transducing activity has been demonstrated only for 

macrophages.
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Figure 1.7 Structures of Murabutide(a) and of MDP[Thr]GDP(b)
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1.4.3.9 Synthetic Lipopeptides

Lipopeptides constitute a group of potent novel immunoadjuvants in mice, rabbits and 

other species, enhancing the immune response when given as a mixture with antigens. 

Lipopeptides are non-toxic, non-pyrogenic and do not induce tissue damage when 

injected. They are considered to be the best potential candidates to replace FCA: the 

antibody titres obtained with lipopeptides are comparable to ones obtained with FCA. 

Lipopeptides also improve the efficiency of vaccines, which is important since they 

decrease the amount of vaccine required. Lipopeptides covalently coupled to low 

molecular weight haptens such as peptides or toxins, are able to elicit high antigen- 

specific antibody titres in mice and rabbits.

With the symmetric anhydride method, it was possible to bind dodecanoic acid chains 

to BSA and two chains of palmitic acid to either the glycoprotein D-derived peptide of 

herpes virus^^ or the synthetic hepatitis B peptide^^ (figure 1.8). In the latter case, the 

antigenic peptide moiety was linked via a diglycyl spacer to an N-terminal lysine 

residue, which in turn is derivatized at both amino groups by formation of amide 

linkages to palmitic acid moieties. The peptide-palmitic acid conjugate (acylpeptide) 

exhibited enhanced immunogenicity in mice as compared with the free peptide. The 

titres obtained with the palmitic acid conjugate were generally much higher, with the 

peak value at six weeks being 5.1 times that obtained with the KLH conjugate or fi-ee 

peptide. No antibody response to the dipalmityl lysyl conjugate and no cross-reactions 

between two different peptides conjugated to identical dipalmityl lysyl carriers were 

detected, suggesting a role of carriers for such molecules. Also, gel filtration 

experiments suggested that the conjugates form large aggregates, possibly micelles, 

which may play an important role in the enhancement o f the anti-peptide response. 

Incorporation o f the acylpeptide in liposomes further increased its immunogenicity, 

while inclusions o f immunomodulators such as MTP-PE and MPL-A into the same 

liposome stimulated the strongest response. The humoral immune responses were 

greater than those induced by peptide in FCA, and cellular responses were equal. 

Probable reasons for the enhanced immunogenicity of acylpeptides are the greater 

stability and longer retention in cells that serve to present and process antigen. 

Moreover, the acylpeptide-immuneliposome formulation was non-toxic.
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Figure 1.8. Representation of palmitic acids linked to hepatitis B peptide

The outer membrane mureine lipoprotein of E. coli has been shown to be a potent 

polyclonal activator of B lymphocytes^^. This activity has been determined to be solely 

contained within the lapidated amino terminal pentapeptide of the protein. The 

minimum active residue of this sequence is cysteine which is modified by introduction 

of a diacyl diglyceride in a thioether linkage. A third fatty acid is linked to the cysteine 

with an amide bond. In the natural lipoprotein the most abundant fatty acid is palmitic 

acid at both positions (figure 1.9). Mitogenicity experiments by Bessler et al.^° have 

shown that the minimum structural requirement is PamsCys with at least one additional 

amino acid in a peptide linkage. Molecules containing from between two to five amino 

acids express the same full activity (PamsCys-Ser, PamgCys-Ser-Ser, PamgCys-Ser-Ser- 

Asn and Pam]Cys-Ser-Ser-Asn-Ala). PamgCys alone is ineffective.

O

^31^15 o —
O ^ O H

o y :

o ^15^31

Figure 1.9. Structure o f PamgCys
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Further experiments have shown the importance of the three lipidic chains. Synthetic 

molecules lacking the DAG residue and thus carrying only one fatty acid are less active 

mitogens^’. Furthermore, the nature of the fatty acid seems not to be important: 

tetrapeptides acylated with shorter or longer fatty acid chains behaved similarly to the 

palmitic acid-containing lipopeptide. Substitution o f the S atom of cysteine with a 

methylene group did not show significant reduction in biological activity, proving that 

for recognition of S-glycerylcysteinyl peptides the S-glyceryl part of the molecule 

seems to be more important than the cysteinyl part^^. An in vivo antibody response 

against non-immunogenic low molecular weight antigens is often obtained by 

covalently coupling them to carrier molecules like albumin or keyhole limpet 

haemocyanin and administering the conjugates to animals in the presence of adjuvants. 

Recently, this immunization method was improved by coupling haptens directly to 

synthetic adjuvants; the carrier molecules were either left out or replaced by synthetic 

polypeptides like poly-L-lysine. The immunostimulatory activity of PamgCys 

derivatives has been demonstrated by chemically coupling the minimum structure, P3CS 

to weak immunogenic or non-immunogenic peptides. One example is the coupling of 

P3CS to the sequence corresponding to the extracytoplasmatyc domain of the epidermal 

growth factor receptor. A single injection of the conjugate elicited antibodies to the 

receptor peptide that by itself was not immunogenic. In vitro the conjugate was 10'* fold 

more effective than the peptide alone. It was also demonstrated that the conjugation was 

necessary to have the full response, the mixing being not enough. Prass^^ clearly 

demonstrated that polar head groups are essential for obtaining strong biological 

activities: the lipophilic, fully protected Pam3-Cys-Ser(tBu)-0 tBu showed much less 

mitogenic activation than the amphiphilic deprotected P3CS. As a result, it is though 

that the polar head groups probably play an important role for the specificity of the 

activation process. Other experiments using P3CSG and P3C conjugates o f the 

mushroom toxins phalloidin and amanitin or saxitoxin as immunogens, induced toxin- 

specific antibodies. After coupling to lipopeptides, the toxins lost their toxicity but 

retained their immunogenicity and could be administered to mice. A significant 

enhancement of protection against Salmonella infection in mice was observed by adding 

lipopeptides to S. typhimurium vaccines^'*: vaccines consisting of acetone-killed S. 

typhimurium were supplemented with different amounts o f P3CSSNA and, after
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immunization in mice, 90% of a S. thyphimurium vaccine could be replaced by the 

adjuvant lipopeptide without a significant decrease in protective immunizing capacity. 

Wiesmuller (1992)^^ has shown that the additional introduction of a T helper cell 

epitope to the antigen-adjuvant conjugates enhances the boost effect and the switch to 

IgG antibodies. For example, for BALB/c mice a T helper cell epitope of whale sperm 

myoglobin was successfully used for the induction of antibodies against a haptenic 

peptide C-terminally linked to the P3C-T-helper-cell-epitope conjugate. The application 

of the antigen-adjuvant mixtures or conjugates is optimised e.g. by using liposome- 

presenting systems^^ or by intrasplenic immunization^^. Furthermore, it has been 

demonstrated that lipopeptides induce virus-specific CTLs via in vivo priming^^. In 

these experiments, mice were immunized with influenza virus peptides coupled to 

P3CSS, peptide only, or intact virus. The results clearly showed the presence of CTLs in 

equivalent degree in animals primed with either virus or lipopeptide conjugate, whereas 

no CTLs were observed in animals primed with unconjugated peptide. Hart et al. 

(1991)^^ used various hybrid synthetic peptides to construct a carrier-free synthetic 

immunogen containing only those HIV epitopes necessary to induce a protective 

immune response. The complete hybrid consisted of the first 12 amino acid residues of 

the F domain, a T cell epitope of gpl20 (Tl), a gpl20 B cell epitope and additional five 

or six residues from the V3 loop acting as CTL epitope. They found that a carrier-fiee 

hybrid peptide, containing either the Tl or F HIV region amino terminus attached to a 

HIV CTL epitope, had the ability to induce CD8  ̂MHC class I restricted CTLs in vivo 

in mice.

In another study by Lowell et al^° ,̂ different constructs containing the amino acid repeat 

sequences o f the CS proteins of P. falciparum  and P. vivax were hydrophobically 

complexed to a lipid (lauroyl) moiety. A cysteine was used as a spacer between the 

repeated amino acid sequence and the lipid, also allowing dimerization of the 

lipopeptide. The constructs differ in the fact that the CS sequence was repeated in a 

tandem of six, four and two and some of them lacked the spacer. All constructs were 

immunologically tested with and without proteosomes, purified preparations of 

meningococcal outer membrane protein known to be a B cell mitogen. Two constructs 

carrying cysteine and four or six tandem amino acids, were moderately immunogenic 

without proteosomes, whereas lipopeptides without cysteine and peptides lacking the
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lauroyl group, were ineffective. Thus, lauroyl-CYGG added to four repeated sequences 

represented a minimal configuration for generating P. falciparum  CS antibodies in 

saline without adjuvants. Although lauroyl-CYGG with six amino acid sequences was 

far less immunogenic alone compared to when complexed with proteosomes, the 

magnitude of the IgG response without proteosomes in saline was comparable to the 

responses elicited by an equivalent dose of a recombinant CS protein administered with 

alum or CFA. No immune response was observed with the same constructs without 

proteosomes with P. vivax. Hence, the ability of lauroyl-cysteine to make a peptide 

immunogenic without adjuvants is a function of the amino acid sequence of the peptide, 

perhaps of genetic or conformational restrictions.

The molecular mechanism of lipopeptide adjuvancy is not fully clear. It seems obvious 

that the primary effect of the lipidation of immunogens is to direct the interaction of 

these compounds with the plasma membrane of the cells o f the immune system. This is 

evident from the B cell and macrophage mitogenic activities that many of these 

lipopeptides are known to possess. A putative lipopeptide receptor or binding protein 

from B lymphocytes has been described’ but its relevance to physiological effects 

remains to be determined. Other effects include a calcium influx into the cytoplasm of 

leucocytes from extracellular regions and from intracellular compartments. Other 

commonly found cell activation mechanisms involving cGMP, cAMP, PI degradation 

or G proteins, are not involved. On a cellular basis, the adjuvancy of a lipopeptide is, in 

addition to direct stimulation of B lymphocytes, at least partly due to the activation of 

cells of the reticuloendothelial system (macrophages, monocytes).

1.4.3.10 Mechanism of adjuvant action

Adjuvants have diverse mechanisms of action and must be chosen for use with a 

particular antigen based on the route o f administration and the immune responses 

desired. The first mechanism of adjuvant action identified was the depot effect, in which 

gel type adjuvants such as aluminium hydroxide or emulsion based adjuvants such as 

IF A associate with antigen and effectively increase its biological and immunological 

half-lives. The immunogenicity of small antigens that are rapidly cleared from the
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injection site can be improved using emulsion-based adjuvants that associate with and 

hold antigen.

A second mechanism of adjuvant action is enhancement o f antigen presentation. 

Adjuvants such as non-ionic block copolymers^ac t  as adhesive molecules, binding 

antigen and complement to their hydrophilic component, with their hydrophobic portion 

attached to lipids. This presentation helps to expose protective epitopes to cells of the 

immune system. Particulate adjuvants such as liposomes and microspheres can also 

protect antigens from proteolytic destruction in the stomach, allowing the antigen to 

pass intact into the intestines for presentation to the gut-associated lymphoid system. 

Immunological adjuvant can act directly or indirectly with APC such as macrophages 

and dendritic cells. Antigen can be targeted to macrophages by particulate adjuvants 

such as liposomes and macrophages can be stimulated to secrete immunomodulatory 

cytokines. Various cytokines induced by adjuvants act on lymphocytes to promote 

predominately Thl-like or Th2-like T helper cell r e s p o n s e s D i v e r s e  cytokines 

produced by lymphocytes or macrophages have been demonstrated to have direct 

adjuvant activity. In mice, adjuvants that enhance Thl-like responses, demonstrated by 

DTH reactions, also elicit IgG2a antibody subclass r e s p o n s e s A d j u v a n t s  that 

primarily drive Th2-like responses enhance antibody production, including IgA and 

IgE^"".

Certain adjuvants such as purified saponins, ISCOMs and liposomes have been shown 

to improve greatly the induction of MHC class-I-restricted CD8  ̂ CTL responses over 

those induced by the same antigen given alone or in combination with standard alum 

a d j u v a n t s O n e  mechanism of action of these adjuvants to induce CTL may be 

through the delivery of antigen directly to the cytosol for presentation with class I MHC 

molecules. Cytosolic antigen delivery by membrane-active adjuvants would mimic 

antigen presentation that occurs during viral infections or immunizations with live- 

attenuated vaccines. Antigen presented to the cytosol would bypass endosomal antigen 

delivery and subsequent processing with class II MHC molecules, which occurs when 

antigen is delivered alone or in alum and induces primarily antibody responses via 

presentation to CD4^ T-helper lymphocytes.

Protective immune responses that can be enhanced by adjuvants include: (I) 

neutralizing antibody responses against viral and bacterial components, such as toxins
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and adhesins; (2) lysis of microorganisms by enhanced production of the antibody 

subclasses efficient at fixing complement, such as murine IgG2a; (3) enhanced 

production of opsonins promoting more efficient uptake and intracellular killing of 

microorganisms; (4) improved IgA responses against pathogens transmitted at mucosal 

surfaces.

1.5 Carriers

1.5.1 Introduction

Carriers and adjuvants are believed to be essential for guaranteeing adequate efficacy to 

synthetic peptides and efforts are being devoted to their development. Often the carrier 

itself acts as an adjuvant.

To be recognized by T cells, epitopes must be presented in the context o f MHC 

molecules and defined epitopes bind to a limited number o f MHC molecules; this means 

that a given epitope is recognized by a limited number o f individuals, depending on 

their genetic “make up” (MHC). This MHC control of T cell recognition has been 

extensively investigated in experimental (mouse) models in vivo, where the problem has 

often been circumvented by the chemical linking of the epitope to a carrier molecule. 

These carrier molecules provide a source of T cell epitopes that are expressed on the 

surface of APCs and induce a carrier-specific T cell help that is necessary for optimal B 

cell priming. In animal models, carrier molecules such as keyhole limpet hemocyanin 

(KLH), ovalbumine, bovine serum album, tetanus toxoid etc. have been widely used, 

linked to synthetic or recombinant peptides via glutaraldehyde or other cross-linkers. 

Tetanus and diphteria toxoids are largely employed in the development of conjugated 

vaccines for human use.

Lussow et al.,^°^ found that heat-shock proteins can act as carrier molecules when 

conjugated to synthetic peptides without requiring additional adjuvants. A number of 

integral membrane proteins isolated from E. coli, when covalently conjugated to 

antigenic peptides, significantly enhanced the immune response o f the peptide, 

compared with injection of the peptide alone. The antibody response could not be 

significantly increased by the addition of FIA.
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Redmond et found that the inner capsid protein of bovine rotavirus can be made to 

self-assemble in vitro and form spherical particles which have an inherent capacity to 

target to cells of the immune system. These spheres can act as novel immunological 

carriers when coupled to peptides. Every epitope tested gave an excellent immune 

response without the use of adjuvants.

Two problems may be associated with the use of carrier molecules. The first possibility 

(epitope-specific suppression) is that anti-carrier antibodies induced by previous 

immunization(s) with the carrier alone (e.g. tetanus toxoid given as a vaccine) may 

interfere with the induction of an effective antibody response to a given epitope, when 

this is inoculated as immunogen conjugated to the same carrier. In this respect, an ideal 

carrier would be a molecule that is unable to induce a significant antibody response to 

itself, while providing an efficient helper effect for the antibody response to the hapten. 

The second problem is related to the structure of the MHC molecule: only one peptide is 

allowed to bind in its heterodimeric groove. Indeed, competition between T cell 

epitopes for binding to MHC molecules has been demonstrated in models in vivo and in 

vitro. Much effort has concentrated on the search for a single ideal carrier molecule that 

is able to provide effective helper effect, irrespective of the genetic (MHC) background 

of the immunized hosts.

1.5.2 MAP (Multiple Antigen Peptide)

One method for the preparation of a completely synthetic product containing both 

antigen and carrier is the multiple antigen peptide MAP system developed by Tam^°^. 

The key feature of the MAP system is the amplification of a peptide antigen in a 

chemically defined manner. This is achieved by utilizing a core matrix that consists of 

several sequential levels of trifunctional amino acids as a scaffold. Lysine is used 

because it has two functional ends available for the branching reactions, the a- and e- 

amino groups. The first level of coupling produces two reactive amino ends to give a 

bivalent MAP (figure 1.10). Further sequential propagation of lysines produces MAPs 

containing tetravalent or octavalent reactive amino ends, which are highly 

immunogenic. The peptide antigen as well as the core matrix are synthesized in a 

continuous sequence via a step-wise solid phase synthesis using Boc-benzyl or Fmoc- 

tert-huXy\ chemistry, in a manner similar to that used to produce linear peptides.
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Figure 1.10. The multiple antigenic peptide MAP

Since the backbone of the MAP is made up of amide bonds, it is very stable in solution 

at pH between 2 and 9. As a result, storage of MAPs should not constitute a problem. 

Since the design of MAPs using short dendritic peptides makes them resistant to 

dénaturation, they can therefore be easily stored or shipped as lyopbilised powders.

A linear peptide ineffective in raising antibodies can become immunogenic if presented 

in a MAP format^Moreover ,  antibody titres induced by MAP peptides were found to 

be superior to those obtained by the corresponding linear form of the peptide conjugated
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to a protein carrier as KLH, BSA, etc. An explanation to this could be the fact that MAP 

has a polymeric and macromolecular structure compared to a linear peptide and thus 

may be cleared from the body at a lower rate than the linear peptide. Furthermore, in 

comparison to a carrier-conjugated peptide, the MAP macromolecule has the molecular 

weight of a small protein in which the antigen peptide represents more than 80% of the 

total structure. No immune response to the lysine residues has been detected^ 

Immunization with MAP resulted in the production of antisera capable of recognizing 

the cognate sequence of the native protein. This was first demonstrated by Tam with the 

synthesis of six octameric MAP models from sequences of unrelated proteins and 

injected in mice and rabbits. All MAPs elicited a strong antibody response to the 

immunizing peptide, and five of them induced antibodies that reacted with the native 

proteins. In some cases, significant differences have been observed using MAPs and 

peptide-protein conjugates as immunogens. Immune sera generated by the 

administration of MAP peptides have been found to react with the cognate protein, 

whereas antisera generated by the corresponding linear peptide conjugated to a protein 

carrier induced high antibody titres only against the immunizing peptide^ The MAP 

has furthermore allowed the production of monoclonal antibodies directed against a 

highly conserved and poorly immunogenic sequence, overcoming the 

immunodominance of the linker and the carrier used in making the conjugated peptide. 

An important characteristic of the MAP system is its ability to incorporate multiple 

epitopes into the same construct (figure 1.11). The incorporation of both T and B cell 

epitopes from the same pathogen into the immunogen is potentially useful to enhance 

the specific immune response to infections. These types o f MAP constructs were tested 

in malaria vaccine model. Tam^^  ̂ synthesised ten different MAP constructs in which an 

immunodominant B cell epitope in the circumsporozoite protein of the rodent malaria 

parasite Plasmodium berghei and a T helper cell epitope mapped in the same protein 

were incorporated. The different constructs were designed to evaluate the relevance of a 

number of copies, stoichiometry and orientation of T and B cell sequences in a 

diepitope model. This included tetrameric and octameric MAPs containing only the T 

and B cell epitopes or containing both epitopes linked in tandem. High antibody titres 

were induced by immunization with MAPs containing equimolar amounts of the B and
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T cell epitopes, while monoepitopes MAPs and the BT monomer were not 

immunogenic in the mice used in these experiments.
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Figure 1.11. Arrangement of four types of MAP configurations containing one, two, 
and three antigens connected in tandem or alternating forms to the lysine core (a) mono
antigen, (b) di-antigen (tandem), (c) di-antigen (alternating), (d) tri-antigen

In general, the results indicated that there was no advantage using an octameric over a 

tetrameric diepitope. More importantly, the antibody responses elicited by the MAP 

peptides were found to be protective against the intravenous challenge of the immunized 

mice with 2000 P. berghei sporozoites.

MAP constructs are also able to elicit a long-lasting humoral response. In a study by 

Wang et al.̂ "̂̂ , guinea pigs were immunized with a long linear peptide from the major 

neutralizing determinant of HIV-1 conjugated with bovine serum albumine (BSA) or 

synthesized in an octameric MAP format. Antibody titres and neutralizing activity of 

the antisera produced by the BSA conjugate peaked four months after the beginning of 

the immunization protocol, whereas MAP conjugates were approximately in the same 

range. However, the neutralizing activity of the antisera induced by the MAP construct 

improved over time, reaching 30 to 50 times that observed in the BSA conjugates after
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3 years. Moreover, with time the octamer-immunized animals produced cross-reacting 

antibodies capable o f neutralizing unrelated HIV-1 isolates.

Furthermore, Pessi et al have shown that the immunogenicity of an antigen can not 

only be improved but also significantly changed when presented in the MAP format. 

The repetitive sequence Asn-Ala-Asn-Pro in the malaria circumsporozoite of P. 

falciparum  induces response only in the H-2^ mice. However, when the sequence is 

incorporated in MAP constructs an antibody production by six different H-2 haplotypes 

is observed. A plausible explanation could be that new helper epitopes are being 

generated in the MAP format, which are able to overcome MHC-linked 

nonresponsiveness.

1.5.3 Lipidated MAP vaccines

The V3 loop of the envelope protein, gpl20, is the principal neutralizing determinant 

(PND) of HIV and an immunodominant CTL epitope has also been identified in this 

region. Nardelli et al.^’  ̂used the MAP system to present multiple copies of the PND of 

the divergent HIV isolates IIIB, RF and MN, and tested its efficacy in three species of 

animals. The MAP used was either synthesised in a monoepitope configuration, 

containing four repeats of each individual peptide, or synthesised with a diepitope 

configuration, adding a conserved sequence, known to be a T helper cell epitope of 

gpl20, to the carboxyl terminus of the PND peptides. The monoepitope construct 

yielded a species-dependent antibody response whereas the diepitope MAPs were 

immunogenic in all three animal species. Also the antibody titres elicited by diepitopes 

were significantly higher than those raised by immunization with the monoepitope 

MAPs.

To evaluate the possibility of generating a completely synthetic peptide-based vaccine 

immunogen without the need for a carrier and adjuvant, Defoort et al.’^̂  covalently 

linked P3C to antigenic MAP peptides. One of the peptides used was the IIIB strain of 

the gpl20 envelope protein o f HIV-1. IIIB contains a neutralizing B cell epitope, a T 

helper cell epitope and residues recognized by murine CTLs of the H-2^ haplotype. This 

peptide was synthesized in a tetrabranched MAP configuration, called BIM  and 

coupled to the P3C moiety through a Ser-Ser linker (figure 1.12).
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Figure 1.12. A schematic representation o f  MAP-P3C

M ice and guinea pigs were injected with the immunogen B IM - P3C free or amplified by 

presentation with liposomes. The total antibody titres were lower than those obtained in 

previous experiments using B IM  in CFA. However, the neutralization titres in guinea 

pigs were s im ilar^ T h e reason for these results is the presence o f  P3C covalently linked 

to the antigen: P3C, the lipophilic moiety, or hydrophobic “foot”, is used to serve both 

as lipid anchor and an adjuvant. BIM-P3C induced a strong T cell response, as 

measured by IL-2 production and cytolytic activity o f  the splenocytes o f  the immunized 

mice. In particular, the cytotoxic response was induced by the lipopeptide after just one 

immunization and was superior to the response induced by a full cycle o f  

immunizations o f  B IM  in CFA. It was also demonstrated that the response was 

mediated by CD8^ T lymphocytes, MHC class I molecule-restricted and was antigen- 

specific^^^. The reactivity was long-lasting since it was still detectable seven months 

after a single antigen injection. Moreover, the co-injection o f  MAP-P3C peptides (B2M-
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P3C and B8M- P3C) generated CTLs capable of killing syngeneic target cells 

preincubated with either of the two sequences.

BIM - P3C was found to induce systemic antibody and cellular responses following 

several routes of immunization, including intraperitoneal, intravenous, subcutaneous 

and intragastric. Moreover, after oral immunization, specific IgA were detected in the 

mouse saliva.

1.6 Vaccines against foot and mouth disease virus

1.6.1 Introduction

Foot and mouth disease is controlled in endemic areas by prophylactic vaccination. It 

was in 1925 that the French group, led by Vallee and Carree’^̂ ,̂ described the first 

experimental vaccine which they prepared by formaldehyde treatment of vesicular fluid 

collected from the lesion of an infected calf. This vaccine afforded protection against 

the disease but it was clear that vaccines prepared from virus grown in animals were 

unlikely to be sufficient for large-scale production which would be necessary. It was the 

work of Frenkel in Holland^^^ that led to the large scale in vitro production of the virus. 

Hecke in Germany and Maitlands^^^ in England had grown the virus in vitro on a 

small scale in the early 1930s but, helped considerably by the contemporary discovery 

of antibiotics, Frenkel was able to grow the virus in fragments o f bovine tongue 

epithelium in the large amounts required.

As tissue culture techniques were developed, it was possible to grow the virus in kidney 

cells from pigs and cattle. The most important development was made by Mowan and 

C h a p m a n w h e n  they showed that the virus grew to high titres in the baby hamster 

kidney cell line (BHK21). This development was particularly important because it was 

possible to adapt this cell to grow in suspended culture, a considerable advantage for 

large-scale production. One of the concerns at this stage in the development of FMD 

vaccines was their innocuity. It soon emerged that formaldehyde does not produce an 

innocuous vaccine and so the use of N-acetylethyleneimine (AEI) was suggested. 

Brown and Crick^ '̂  ̂ showed that AEI inactivated FMDV by first order kinetics to 

produce highly immunogenic vaccines. A decade later it was shown that the imine 

itself, produced as required from bromoethylamine hydrobromide, is equally effective
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and overcomes the problems involved in storing AEI. This valuable innovation has been 

incorporated into FMD vaccine production methods worldwide. The effective 

formulation of FMD inactivated vaccines requires adjuvants and Al(OH)3/saponin (for 

ruminants) and incomplete oil-based formulations (for pigs and cattle) have been widely 

employed. Vaccine formulations frequently include viruses of different serotypes and 

vaccine preparation implies the growth o f high quantities of virus in tissue culture; 

therefore, high-containment facilities are required. Inactivated vaccines elicit a 

consistent humoral response, even if  weaker than that induced in infected animals 

This response is associated with a strong lymphoproliferative response and with 

considerable, although short-lived, protection^^^. However, the spectrum of antiviral 

immune mechanisms induced by inactivated vaccines is limited. Furthermore, they do 

not prevent the persistent infection to protected ruminants with FMDV'^^.

In the case of emergency vaccination, emphasis must be put on highly potent, safe 

vaccines capable of inducing early protection and dramatically reducing virus 

replication in vaccinated livestock when exposed to infection'^^. Formulated foot and 

mouth disease emergency vaccines (inactivated antigens being stored as concentrates 

over liquid nitrogen) must have been validated as potent vaccines. High potency is 

essential to achieve rapid development o f immunity and a broad antibody response in 

vaccinated animals. Therefore, in circumstances when there is lack of homology 

between a field virus and the vaccine strain, the broader response induced by a highly 

potent vaccine can compensate in part for the lack of antigenic homology^^^. Table 1.1 

summarises the limitations of conventional vaccines and the different approaches that 

are being used to develop alternative safe and effective vaccines. Although these 

vaccines are generally effective, there are certain concerns as to their use. For example, 

several strains o f the virus cannot be grown to sufficient titre to provide sufficient 

antigenic mass for effective vaccination. In addition, the virus particle is very unstable, 

particularly below pH 7, so it is necessary to store vaccines under refrigeration to retain 

their potency. This is clearly a major limitation, particularly in tropical climates.
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Table 1.1 Characteristics of different FMD vaccines

Conventional
inactivated
vaccines

Emergency
vaccines

Viral
subunits
and
synthetic
peptides

DNA
vaccines
and
recombinant 
viral vectors

Bio
engineered
attenuated
viruses

Immunogenicity High High Limited, 
except for 
empty 
capsids

Potentially
high

High

Thermal
stability

Low Low High, 
except for 
empty 
capsids

Potentially 
high for 
DNA 
vaccines, 
low for viral 
vectors

Low

Innocuousness 
and safety in 
the production

Limited Limited High
- -

Duration of 
immunity

Limited Improved
- - -

Spectrum of 
protection

Limited Improved
- - -

Distinction
between
infected and
vaccinated
animals

Limited Limited Good Good Potentially
good

The association of outbreaks of the disease in Europe with improperly inactivated virus 

illustrates another disadvantage of this type of vaccine, particularly in those regions of 

the world where the disease has been virtually eradicated. These disadvantages have 

prompted continuing studies on the structural features o f the virus particles that are 

necessary for immunogenic activity with a view to developing alternative vaccines.
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1.6.2 Peptide vaccines

Early observations indicated that isolated VPl and fragments derived from its carboxy 

terminal-half were the only viral capsid products capable of inducing neutralising 

antibodies and conferring partial protection’ As a result, most attempts to develop 

synthetic vaccines were made using the entire VPl or some o f its fragments. Initial 

experiments indicated that immunization with bacterially produced VPl conferred 

protection in the pig’^’. However the immunogenicity o f VPl produced in 

microorganisms is several orders o f magnitude lower than that of the equivalent amount 

of antigen incorporated in viral p a r t i c l e s T h i s  low immunogenicity may be related to 

an inadequate folding adopted by VPl in solution, which would limit the exposure of 

immunogenic sites to the host immune system. Recently, high levels o f neutralizing 

antibodies were reported in mice immunised with VPl obtained from transgenic 

plants

Since Strohmaier et al.’ '̂’ discovered that the 140-160 region (site A) o f VPl was one of 

the main antigenic determinants, many groups have investigated the ability of this 

region to induce an immune response and to recognize and neutralize the virus. Thus a 

synthetic vaccine would be able to substitute for the inactivated one. Site A has been 

shown to be difficult to reproduce as a synthetic peptide, due to its high flexibility, to 

apparent independence from the rest of the capsid and its characteristic to be, at least in 

part, a continuous epitope. Bittle et al.^  ̂ and Pfaff et al.’^̂  showed that a peptide 

corresponding to the 140-160 sequence of VPl of serotype O plus KLH, induced high 

levels of neutralizing antibodies in rabbits and gave protection against an infection with 

homologous virus. The levels of antibodies induced, although higher than the ones 

obtained with the whole VPl ,  were much inferior to those obtained using an equivalent 

amount o f the virus.

Several different approaches have been investigated in order to improve the immune 

response by presenting the 140-160 epitope in multiple copies and/or linked to other 

structures’^̂ . Francis et al.’^̂  demonstrated that the uncoupled peptide is immunogenic 

when incorporated into liposomes. More recently, uncoupled peptide plus CFA has been 

used to protect cattle against experimental infections with the disease. Moreover, it was 

demonstrated that uncoupled 141-160 peptide is also immunogenic when presented in 

an IF A water-in-oil emulsion, provided a cysteine residue is added at the carboxi-
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terminus. The free SH cysteine group leads the formation of peptide dimers that may 

have a more ordered secondary structure, causes cross-linking with B cell receptors 

and/or lead to immune complex formation in vivo. The fact that IF A or liposomes 

enhance the activity of uncoupled peptides, whereas little or no neutralizing activity was 

observed using A1(0 H)3, indicates that the choice of adjuvant system for use with 

uncoupled peptide is crucial. Furthermore, once animals had been primed with 

uncoupled peptide plus IF A, they could be boosted with uncoupled peptide alone. 

Therefore, it would appear that the adjuvant is only required for initial recognition of 

peptide leading to the production of memory B cells by the immune system, and that 

stimulation of these memory cells is not adjuvant dependent.

In 1987 Clarke et al.^^^expressed the 142-160 region as part o f the hepatitis B core 

structure: in guinea pigs the construct was 500 times more immunogenic than the free 

synthetic peptide and almost as immunogenic as inactivated virus particles. It was also 

shown to be 30-40 times more immunogenic than peptide/p galactosidase fusion protein 

containing tandem copies of the FMDV epitopes. In this last experiment, the peptide 

sequence was fused to P galactosidase at its N-terminus and the constructs consisting of 

two or four copies of the peptide showed a much greater immunogenicity than the 

single copy construct.

In 1986 Di Marchi et al.^^  ̂ reported protection to viral challenge in cattle immunized 

with a peptide in which the amino acids of the G-H loop o f FMDV Oi strain were co- 

linearly synthesised with those corresponding to the carboxi terminus of VPl (residues 

200-213) trough the spacer tripeptide Pro-Pro-Ser. The diproline spacer was inserted as 

a means of increasing the interactions between the two sites through a presumed 

induction of a secondary structural turn. Furthermore, cysteines were added at the end 

or near the end of each sequence for the purpose of polymerization as a possible means 

of eliminating the necessity for a carrier molecule. The results obtained showed that the 

141-158 sequence is responsible for the neutralizing activity, while the 200-213 for the 

improved protection. Heterologous protection in guinea pigs with this kind of 

construct has also been reported. Unfortunately, due to the low association between 

neutralizing activity and protection in cattle, it was not possible to commercialise this 

kind of chimeric construct. This is mainly due to the fact that the proportion of IgGl 

and IgG2 produced is different in animals vaccinated with the inactivated virus. In
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addition it is due to the different affinities of serum antibodies for peptides and for 

virus, being significantly higher in protected cattle than those in non-protected 

animals

The marked immunogenicity of the 141-160 peptide in the absence of carrier proteins 

and the observation that polymeric delivery appeared to enhance its activity led 

F r a n c i s t o  present it in multiple copies through the MAP system. Neutralizing 

antibody responses known to protect guinea pigs against challenge infections were 

obtained with a single inoculation of 0.8-4 p,g of peptide, presented as octamer or 

tetramer, whereas 20 pg of dimer were required to evoke similar levels of antibody. The 

octameric MAP was also immunogenic using an aluminium hydroxide adjuvant.

In recent years, the concept that immunogenic peptides should include viral T cell 

epitopes to provide an adequate co-operation with immune B lymphocytes to induce an 

effective neutralizing antibody response, has been accepted. Such T cell peptides should 

ideally be recognized by T lymphocytes in the context of alleles of MHC class II 

frequently represented in the population of the natural hosts. Even when G-H loop 

peptides can stimulate T cells of individuals from host species, this recognition seems to 

be considerably restricted by the individual MHC composition^^^ and may vary 

depending on the sequence of the viral peptide used. Immunization with peptides 

including the G-H loop alone and in combination with the sequence 200-213 indicated 

that the 140-158 region contained major T cell determinants for cattle. This region is 

also a focus for T cells from other species, including laboratory mice and guinea pigs. It 

contains stmctural features associated with T cell epitopes, including amphipathic a- 

helices. More recent results, however, show that bovine T cells primed with peptides 

derived from this region do not exhibit any reactivity to intact FMDV. In contrast, a 

recently identified T cell epitope, VP4 (20-34), is able to prime for a virus-specific 

response. The different results could be explained in terms of different serotypes 

adopted for the different experiments and, consequently, for the different amino acids 

sequence, especially within the VPl 140 to 160 region, or by a difference in MHC 

haplotypes or breed of cattle used.

The use of a mixture of peptides covering different antigenic variants, termed 

mixotopes, may decrease the chances of selection o f escape m u t a n t s N e w  

immunodominant T cell epitopes in FMDV structural and non-structural proteins could
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be included in the design of peptide vaccines in an attempt to overcome the restriction 

introduced by the MHC polymorphism in their recognition by T cells. Francis et al.^  ̂

demonstrated this through the coupling of the 141-160 epitope with additional T helper 

cell independent epitopes from ovalbumin and sperm whale myoglobin. It was possible 

to show that H-2^ mice, which are non-responders to the 141-160 VPl peptide of 

FMDV, can be converted into responders by immunization with those peptides. 

Improvement of the B cell epitopes to be included in peptide vaccines may require the 

synthesis of complex peptides able to mimic discontinuous epitopes relevant to virus 

neutralization. Furthermore, there are still a number o f problems associated with the 

development of a peptide vaccine. One of the major limitations, particularly in strategies 

using the oral and nasal routes, is the instability of the natural peptides. Most 

biologically active peptides are rapidly degraded in vivo by proteases. It is possible to 

overcome this shortcoming through the synthesis of retroinverso peptides, in which the 

direction of the peptide bonds is reversed while the side-chain orientation of the amino 

acid residues is retained. Briand et al. '̂ '̂^showed that the retroinverso peptide H2N- 

(C)141-159-OH, compared with the L-peptide, elicited much higher levels of 

neutralizing antibodies and that these were maintained for a longer period. This can be 

explained by the greater resistance o f retroinverso peptides to proteolytic enzymes in 

vivo.

1.6.3 Two novel synthetic vaccines against FMDV

In 1989 Wiessmuller et al.'^^ described the synthesis o f a new type of carrier-free, 

totally synthetic low-molecular weight peptide vaccine against FMDV.

The synthetic amphiphilic a-helical T cell epitope VP1(135-154) of FMDV strain OiK 

was coupled to the highly potent B cell and macrophage activator N-palmitoyl-S- 

[(2RS)-2,3-(bispalmitoyloxy)propyl]-cysteinylserylserine (P3CSS) (figure 1.13)

The resulting vaccine induces a long-lasting high protection against FMD and serotype- 

specific virus-neutralizing antibodies in guinea pigs after a single administration 

without any additional adjuvant or carrier. Neutralizing titres correlated well with 

protection: the protection rate was 100% after 3 weeks, 75% after 4 and 12 weeks and 

50% after 6 weeks.
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The R,R-diastereomer of the N-terminal part of the lipoprotein of E. coli has been 

shown to be a more potent immunostimulator than the R,S with an S-configured 

glyceryl moiety, indicating a peculiar stereospecificity of the B cell activation process.

135
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6 s &0,

0  0  9  ^ 9  NH
D C C C  O CDO DO

T-ceü epitope 
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Figurel.l3 Chemical formula of the lipopeptide FMDV vaccine P3CSS-(135-154) 
anchoring in the outer lipid layer of cell membranes.

The conjugate o f this immunologically active lipotripeptide P3CSS and VP1(135-154) 

anchors with its three fatty acids in the outer lipid bilayer o f cell membranes. Thus the 

more polar antigen can be presented and is accessible to immunocompetent cells. Such a 

direct presentation has been demonstrated using fluorescent and spin-labelled 

conjugates.

The conjugate P3CAE[SS-(135-154)]-NH2 was also synthesized because it contains the 

dipeptidic moiety of the well-known immunostimulant muramyl dipeptide (MDP), L- 

alanyl-D-isoglutamine (AE-NH2), offering a possibility for side-chain attachment of the 

antigenic determinant via a longer spacer arm. This conjugate did not fully protect, 

although both neutralizing and anti-peptide antibody titres were the highest of all
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vaccines examined. In order to compare the three fatty acids containing vaccines, the 

dipalmitoy 1-lysine conjugate of VP 1(135-154) was prepared, since experiments with 

dipalmitoyl-lysine (P2K) attached to an antigen and applied with CFA revealed an 

enhanced immune response. Vaccinating with P2KSS(135-154) without CFA did not 

induce a good neutralizing antibody response nor sufficient protection.

This novel vaccine did not induce local reactions to the animals after injection; 

furthermore, it does not need any refrigeration for storage due to its high chemical and 

thermal stability.

More recently, Volpina et al.̂ "̂  ̂ developed a synthetic vaccine attaching two palmitoyl 

residues to the N-terminal lysine residue of the 135-159 sequence of VPl of FMDV 

strain A22 (figure 1.14). In the experiments in mice, guinea pigs and sheep, Palm2l35- 

159 possesses greater immunogenic and protective activity than the non-acylated 135- 

159 peptide.

Ci5HtiC0-N*^-K-Y-S-A-G-G-M-G-R-R-G-D-L-E-P-L-A-A-R-V-A“A-Q-L-P
I
Ne-OCC,j

Figure 1.14 Scheme of Palm2l35-159

In particular, it showed to be protective in guinea pigs at doses of 1-50 p.g. Different 

kinds of adjuvants were used to perform the experiments. IF A in combination with 

GMDP allowed effective immunization in sheep with the lipopeptide. Further 

experiments adopted different oils in presence and in absence of GMDP and 

demonstrated that the oil can be successfully used without addition of GMDP.

The vaccine was found to be stable on storage at 18°C for 1 year. Furthermore, it 

provides protection against FMDV in sheep for 1 year after a single administration. The 

vaccine passed the field trials and is licensed for veterinary use in Russia.
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1.7 Objectives

The aim of this work was to develop a completely novel synthetic vaccine against 

FMDV.

Based on the previously described encouraging results, we followed the concept of 

adjuvant-carrier-epitope like vaccines. In particular, the objective o f this project was the 

development of new molecules to act as built-in adjuvants, carriers or adjuvant/carrier at 

the same time in vaccines against FMDV.

One of the main characteristics considered for this purpose was the lipophilicity of the 

potential adjuvants. As showed from several studies and with special regard to the one 

of Wiessmuller in 1989^^^ and of Volpina in 1997̂ "̂ ,̂ adjuvant lipophilicity is essential 

for cell uptake and for the direct presentation of the polar epitope to the 

immunocompetent cells. This means that the adjuvant would not only improve the 

immunogenicity of the vaccine, but would also act as a carrier for the antigenic epitope 

being more easily delivered in the body and guaranteeing longer retention in cells. P3C 

already possesses these features, as well as the fact that it is a major B cell activator. 

Furthermore, VP 1(140-160) is a major B cell determinant and is able to elicit a T cell 

response as well. Consequently, joining these main features, it was hypothised that the 

resulting constructs would possess improved delivery and immunogenicity.

Another factor considered was stability. To be commercialised, a vaccine should have a 

good stability, long-term immunizing activity and not needing storage at low 

temperatures. Furthermore, to have prolonged activity, a vaccine should possess good 

stability to proteolytic cleavage by enzymes present in the body, in particular to 

peptidases and esterases. MDP is a potent adjuvant and, based on its structure, it was 

hypothised that, keeping its cyclic nature, we could obtain a potential adjuvant more 

stable to heat and to oxidation. Also, we tried to avoid the use o f peptide and ester 

bonds by substituting them with the much more stable ether bond.

Once the structure o f the potential adjuvants was developed, we decided to link them 

directly to the VPl (140-160) epitope of FMDV serotype C, avoiding the use of any 

molecule that could act as a carrier. Liganding methods were used, following the 

attachment of a residue of cysteine to the C-terminus o f the epitope. These different 

approaches led to investigations of the role and the importance of different spacers 

between the adjuvant/carrier and the epitope.

_



Chapter two__________________Synthesis of new adjuvants and carriers for FMDV

Chapter Two 

Synthesis o f new adjuvants and 

carriers for FMD V

71



Chapter two Synthesis of new adjuvants and carriers for FMDV

2.1 Synthesis of a novel vaccine against FMDV

To develop the new synthetic vaccine the concept of adjuvant-carrier-epitope was 

followed. Each subunit was synthesized separately and then conjugated using different 

liganding approaches.

2.1.1 Synthesis of lipidic adjuvants

The work developed includes the synthesis of two different sets o f lipidic adjuvants.

The first set is based on the structure of the exa-cyclic polyalcohol myo-inositol (figure 

2.1). This compound was chosen for various reasons. First of all its structure closely 

resembles the one of the well-known adjuvant MDP. MDP is one of the few adjuvants 

currently authorized for veterinary use and it has been used, alone or in combination 

with other adjuvants, to improve the immunogenicity of various different vaccines, such 

as HIV-1 vaccines. Furthermore, due to its cyclic structure, wyo-inositol possesses high 

stability, especially to heat and to oxidation. In comparison to sugars (P-glucose is the 

one that most closely resembles the structure of wyo-inositol), the absence of the ring 

oxygen makes myo-inositol and its derivatives resistant to the chemical and enzymatic 

hydrolysis from glycosidases.

OHHO
HO

OH OH

OH

Figure 2.1 Afyo-inositol

Inositol occurs in a number of different conformations {alio, muco, neo etc.). Myo

inositol is a natural compound, non-toxic and non-expensive. It possesses a structure 

which allowed us to attach, via ether bonds, different numbers of alkyl chains. We 

chose saturated ten carbon atoms chains and focused our work on obtaining myo-
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inositol with four alkyl chains and with three alkyl chains (figure 2.2). The use of the 

ether bond represents another important feature of the potential new adjuvant. Ether 

bonds are chemically very stable, being resistant to basic and acidic conditions. They 

are also stable to heating and, more importantly, they are not hydrolysed by enzymes 

present in the body.

The alcoholic moieties of the wyo-inositol not involved in the ether bonds can be used 

as linking points to the peptidic chain of the epitope. Following their conversion to 

primary amines, they can be linked to the epitope using different liganding approaches. 

This led us to obtain constructs with lipidic properties carrying the hydrophilic peptide 

epitope. For this reason we hypothisised that the alkyl inositol might act either as an 

adjuvant or as a carrier, or, at the same time, as an adjuvant/carrier.

OH H

OR H

NH2 OR

R= CH.

-CH.

Figure 2.2 Myo-inositol adjuvants

The second set of compounds includes the use of linear polyalcohols, in particular L- 

threitol and L-arabitol. We hypothisised that the structures of these compounds could 

resemble that of PamgCys by linking their alcoholic moieties to lipidic chains. Again, 

the lipidic part is obtained using ten carbon atom chains through ether bonds. In the case 

o f L-threitol it was possible to insert two alkyl chains at the carbons in positions 2 and 

3, leaving the positions 1 and 4 free for use as linkers to the epitopes. In the case of L- 

arabitol we were able to alkylate the oxygens at carbons 2, 3 and 4, leaving positions 1 

and 5 able to attach the epitopes (figure 2.3). As seen for wyo-inositol, linking to the
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epitopes is possible, following conversion of the OH groups into primary amines, using 

different liganding approaches.

! \ 
RO OR

c
1 1

^H^NH
or»rl U K  
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M 
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Figure 2.3 Left: Threitol-based adjuvant; Right: Arabitol-based adjuvant.

As in the case of wyo-inositol, the linear lipidic polyalcohols can act as adjuvants, as 

carriers or as adjuvant/carrier at the same time.

2.1.2 Synthesis of the carrier

A carrier, the multiple antigen peptide (MAP), was prepared in order to compare the 

activity of the construct adjuvant-MAP-epitopes with the construct adjuvant-epitopes 

and so to evaluate the effectiveness of the lipidic compounds as adjuvants, carriers or 

adjuvant/carrier at the same time. As previously described, MAP allows the presentation 

o f multiple copies of an antigen and has been successfully and extensively used in the 

design of synthetic vaccines. The MAP prepared contained three lysines so it would be 

possible to attach four copies of the epitope and the free amino groups were protected 

with a Boc (t-butoxycarbonyl) group (figure 2.4).
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NHBoc

Boc
HO

HN

BocHN

NHBoc

Figure 2.4 Trilysine MAP

During the development of this project, encouraging results were obtained using 

constructs which did not possess the MAP carrier. Consequently, we decided not to 

include it in the molecules presented in this thesis.

2.1.3 Synthesis of the epitope

The epitope used was a 21-mer peptide. It corresponded to the (140-160) V Pl sequence 

of FMDV serotype C and was synthesized by solid-phase. An extra residue of cysteine 

was attached to the C-terminus of the peptidic chain to allow attachment of the primary 

amine groups of the adjuvants. Two epitopes were used: one in which the N-terminus 

was acetylated and one in which it was kept as a free amino group. N-terminal 

acetylated peptides are normally used to prevent side reactions, but in this case the 

presence o f an acetyl group was not important. The sequence of the peptides used was: 

Ac-YTASARGDLAHLTTTHARHLPC or YTASARGDLAHLTTTHARHLPC.
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2.2 Results and discussion

2.2.1 Synthesis of mjo-inositol derivatives

2.2.1.1 Synthesis of tetra-O-alkyl and tri-O-alkyl /«yo-inositols

A general scheme of the synthesis is given in schemes 2.1, 2.2 and 2.3

OH OH O
OH

OH

2,2-dimethoxypropane 

DMSO

H OH

OH

OH

OH
2a

o X o
OH

OH H NaH.THF

OH

2a

B r(CH -)XH- H OR

OR

OR ^ ^10̂ 21

4a 4b

H

I

OH

OR

o X o

8 r  h

OR

OR
H OH

4c 4d

Scheme 2.1 Synthesis of alkyl-wyo-inositols
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Scheme 2.2 Synthesis of tetra-O-alkyl-myo-inositol
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Scheme 2.3 Synthesis o f tri-O-alkyl- myo-inositol

The first step of the synthesis was the protection of the free OH groups of myo-inositol 

in order to have a better selectivity in the further steps. Several approaches can be used 

for this purpose and literature gives many examples. These approaches involve
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protection of a single OH or of two OH groups at the same time. The protection of a 

single OH can be accomplished in many different ways, from the more traditional as 

esters or methyl and benzyl ethers, to the more recent triethylsilyl (TES), tert- 

butyldiphenylsilyl (TBDPS)’"̂  ̂ or (2-methoxyethoxy)methyl (MEM)^"^  ̂ ethers. Most of 

those protections possess different and specific conditions for formation and cleavage 

that do not affect the rest of the molecule, thus allowing selective synthesis.

The prevalence of diols in synthetic planning and in natural sources has led to the 

development of a number of protecting groups of varying stability to a substantial array 

o f reagents. Dioxolanes and dioxanes are the most common groups for protection of 

diols. Cyclic carbonates and cyclic boronates have also found considerable use as 

protecting groups. In contrast to most acetals and ketals, the carbonates are cleaved with 

strong base and sterically unencumbered boronates are readily cleaved by water. 

Bifunctional silyl ethers, as /er^-butylsilylene derivatives (DTBS)’"̂ ,̂ can also be used 

even if  they are not as robust as isopropylidene or benzylidene acetals and so their use is 

best reserved for systems requiring deprotection under very mild conditions.

Acetals possess a virtually unlimited stability to basic conditions but they are quite 

sensitive to acids, a property which is due to participation o f a lone pair on the adjacent 

oxygen atom in the cleavage of a protonated intermediate. In the protection of myo

inositol several acetals have been used, the most common being isopropylidene and 

cyclohexylidene derivatives. Their chemistry is very similar, however, considering the 

high degree of substitution we wanted to obtain. We preferred the use of a less bulky 

protecting group as the isopropylidene. Reaction between myo-inositol and 2,2- 

dimethoxypropane in presence of a catalytic amount o f /?-toluenesulfonic acid is well 

desc r ibed^Us ing  an excess of wyo-inositol over the protecting reactive, is possible to 

obtain the monosubstituted l ,2-0 -(isopropylidene)-myo-inositol in large amounts and 

only small amounts of the different disubstituted isomers. In the procedure used, the 

different derivatives 2a-d (figure 2.5) were firstly obtained, but crystallization of ^  

from the acidic solution, let 2b-d to partially hydrolyse giving ^  in ca. 70% yield. The 

product was contaminated with a small amount of myo-inositol which was also removed 

by crystallisation.
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Figure 2.5 Different isopropylidene-wiyo-inositol derivatives

Isopropylidene acetal formation is a thermodynamically driven process; hence, in cases 

where two or more acetals are possible, the more stable diastereoisomer will prevail. In 

this case, the 1,2 cis positions are favoured.

The next step was the alkylation of the free OH groups o f the 1,2-O-isopropylidene- 

myo-inositol 2a in order to obtain the tetra- and the tri-alkylated molecules. The reaction 

we had chosen was the more general method used to obtain unsymmetrical ethers, the 

Williamson reaction. It is a simple Sn2 reaction, so it gives good yields with primary 

halides, via previous formation of an alkoxide ion. The use o f the strong base NaH 

allowed us to obtain the nucleophilic RO which attacked the halide and brought about 

the formation of the desired unsymmetrical ether in good yields. Using a large excess of 

the alkyl halide we obtained a mixture of products, mainly tetra- and tri-alkylated myo

inositols 3 and 4a-d which were separated by chromatography and characterised by 

NMR. Small amounts of the di- and of the mono-alkylated compounds were also 

recovered from the chromatography column but they were not further investigated.

The 1,2-0-isopropylidene tetra-alkylated myo-inositol 3 was then deprotected in mild 

acid conditions that were not able to affect the rest of the molecule and the diol 5 was 

obtained.
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The diol 5 with the free 1- and 2- OH groups was then activated for displacement or 

replacement via the 6 derivative by reaction of 5 with mesyl chloride and triethylamine 

in CH2CI2 to afford the 1 -0-mesyl derivative. By using one equivalent of MsCI and 

detecting the reaction by TLC, it was possible to obtain only one spot on the silica plate. 

This suggested that either a mixture of non-separable 1-0 and 2-0-mesyl derivatives 

was obtained, or that only one of the two possible isomers was present. We did not 

observe the formation of any 1,2-di-O-mesyl derivative. Also, although the axial 

position 2 might be more accessible, equatorial OH groups of the myo-inositol ring are 

reported to be generally more reactive than axial OH. Furthermore, interpretation of the 

^H NMR spectrum showed a higher shift towards higher ô for the peak corresponding to 

the proton in position 1, while proton in 2 did not show big changes. For all these 

reasons, evidence suggested the presence of the 1 -0-mesyl derivative only. Compound 

6 was then converted to the corresponding azide 7_through a simple Sn2 displacement of 

the good mesyl leaving group with NaNg in DMF. The reaction goes with inversion of 

configuration and so the axial substitute 2 was inverted to equatorial. To prevent side 

reactions at the free OH in the further steps, 7_was treated with acetic anhydride and the 

corresponding mono-O-acetyl-protected azide 8 was reduced to the corresponding 

amine by reacting with NaBH4 using Pd/C as catalyst. MeOH was added to the reaction 

mixture to help the dissolution of NaBH4, which was not soluble in THF, the solvent 

used for the reduction reaction.

In a parallel pathway, the 1,2 protected tri-alkyl myo-inositol ^  was converted to the 4- 

azide 10a via activation with the mesyl derivative 9a. Further reduction with NaBH4 

and Pd/C in THF gave the expected amino compound 11a.

2.2.1.2 Separation and identification of tetra-O-alkyl-wjo-inositoI 3 and of tri-O- 

alkyi-wyo-inositols 4a-d

The alkylation of 1,2-0-isoproylidene-wyo-inositol was effected using a 1:4.4 ratio 

between the inositol derivative and the bromodecane. This means that the final mixture 

contained a combination of tetra-, tri-, di- and probably mono-O-alkyl derivatives. It 

was possible to visualise them by TLC on silica gel in hexane-ether 6:4. In this case the 

less polar tetra-alkylated compound 3 showed an Rf=0.82, the tri-alkyl ^  showed an
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Rf= 0.73. We hypothisised that between the four possible isomers 4a-d the structures 

exhibited from 4a and 4d may be less polar in comparison to 4b and 4c (figure 2.6) 

where the alkyl chains are all on one side of the molecule, so the compound with 

Rf=0.73 may be associated to structures ^  or 4d. Furthermore, literature’ shows 

evidence that in 1,2-protected myo-inositol, the scale of reactivity of the non-protected 

positions is 6>3>5>4. Between the different tri-alkyl isomers, the less polar compound 

gave the highest yield, so we could hypothisise that it may correspond to the derivative 

4a in which the position 4 contains the non-alkylated OH.

2
6

—n r  M
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OC_H.\  '21 

C10H21O 3 ^OH 5
HO

4a 4b
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10 '  '21
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Figure 2.6 The four different tri-O-alkyl-zwyo-inositols isomers

The second tri-alkyl compound detected by TLC had an Rf=0.65 and the third had an 

Rf=0.32. We did not detect any more tri-alkyl myo-inositols, the compound 

immediately after (Rf=0.2) being a mixture of 1,2-0 -protected-di-alkyl-wyo-inositol. 

Considering the big difference in R f and so, in polarity, between 4a and the compound 

next to it, we hypothyzed that it could be either the ^  or 4c. Compound 4c possessed a 

structure that could be associated to a less extent of polarity in comparison to 4b. 

Furthermore, it was obtained in higher yield than the compound with Rfi=0.32 and this 

matched also with the scale of reactivity shown above. Thus we hypothisised that the 

compound with Rf=0.65 may be associated with structure ^  and the one with Rf=0.32
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with structure From this it emerged that we did not obtain any tri-alkyl derivative 

corresponding to structure 4d.

The mixture of tetra-, tri- and di-alkyl derivatives was separated by column 

chromatography on silica gel. The eluent used was a mixture of hexane-ether in various 

different gradients (Table 2.1).

Table 2.1 Chromatography o f a 3g mixture of alkyl inositols, column diameter 3.5 cm.

Hexane
%

Ether
%

Total
eluent
ml

Compound eluted R f
hexane- 
ether 6-4

mg

Conditioning 100 - 1000
Elution 95 5 660 Bromodecane+

impurities
0.94

90 10 280 Tetra-alkyl 0.82 311
80 20 375 Mix
70 30 357 Mix
60 40 333 Tri-alkyl 0.73 308
50 50 600 Tri-alkyl 0.65 285
50 50 300 Tri-alkyl 0.32 30
50 50 300 Di-alkyl 0.2 50
50 50 600 Di+mono-alkyl 500

2.2.1.3 Problems involved in the synthesis of compounds l-amino-2-acetyI-tetra- 

alkyl-myo-inositol 9 and l,2-0-isopropylidene-4-amino-tri-alkyl-myo-inositol 12a

Despite the good separation between the products so far obtained, conversion of the 

non-protected OHs to primary amines was not easy. Conversion of the tetra-alkyl diol 5 

and of the tri-alkyl 9a into the corresponding mono-mesyl derivatives 6 and 10a was 

successful and occurred in high yields. Unfortunately, the displacement of the mesyl 

group by the ion N3' was not straightforward. In particular, azidation of 6 was 

successful but the subsequent conversion of 7 into the 2-0-acetyl derivative 8 was a 

limiting step for the synthesis. Furthermore, later repetitions o f the conversion 6=>7 

were no longer successful. Similarly, in the synthesis o f the tri-alkyl derivative:
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azidation of the mono-mesyl derivative 10a was not successful. As already mentioned, 

displacement of the good leaving mesylic group by an azide ion occurs via an Sn2 

mechanism with changes in ring strain in going from a tetrahedral to a trigonal carbon 

and consequent inversion of configuration. These kinds of displacement are obviously 

very difficult for secondary carbons and, particularly, for those carbons involved in rigid 

structures such as cyclohexane. Even if in the literature examples exist of sulphonyloxy 

displacement by Sn2 in cyclohexane r i n g s i n  polar solvents as DMF or HMPA, there 

are many more examples of alternatives to the mesylic group in order to have a more 

efficient leaving group. One of the most common alternatives is the use of the much

more reactive (trifluoromethyl)sulfonyloxy group (triflyl)^^^. Consequent treatment of 

the triflyl derivative with the more nucleophylic LiNg should give the expected azide. 

After trying the reaction in the planned way several times, under several conditions and 

with different solvents, it was decided to use the triflyl approach (scheme 2.4). The 

reaction was applied to the tri-alkyl derivative 4a and the 4-0-triflyl compound 13a was 

obtained. Unfortunately, as expected, it proved to be extremely unstable, so it was not 

possible to characterise it.

4a

Tf^O

CH2CI2

O
H OR

OTf

OR

OR

13a

0X 0
OR

OR

OR
13a

LIN.

DMF

OR

OR
N3 OR 

11a

Scheme 2.4 Synthesis of azido-inositol via the triflyl approach
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In conclusion, the displacement of the sulphonyloxy group was the limiting step in the 

synthesis of the final compounds 9 and 1 2 a . No trace of the azide was observed and 

even under forcing conditions the intact starting material was always recovered.

2 .2 .1 .4  S yn th esis  o f  l,2 -0 -iso p r o p y I id e n e -4 “an iin o-3 ,5-d i-a ik yl-/M jo-inosito l 19 v ia  

th e  l ,2 :4 ,5 -d i-0 - iso p r o p y lid e n e  d er iv a tiv e  2b

Scheme 2.5 briefly describes the synthetic procedure

O

HO

O OH 2,2-d im ethoxypropane  

OH DMSO
OH

2 a

OH

HO

2 b

OH

HO

2 b

OioH2iBr
N aH ,T H F

14

OC10H21 aceton e

14

OH

15
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OH

15

MsCI

CH2CI2
OH

16

OH

16

OH|

17

NaN,

DMF
OHI

NaBH^, Pd/C

THF
OHi

NH

18

Scheme 2.5 Synthesis of l,2-0-isopropylidene-4-amino-3,5-di-alkyl-myo-inositol 19

Our initial aim was to synthesize also the di-alkyl wyo-inositol, hypothesising that a 

compound possessing two lipidic chains could behave as an adjuvant and that this 

activity could have been compared with the one associated to the structures previously 

reported containing three and four alkyl chains. This could have led to an evaluation of 

the importance of the number of alkyl chains in order to have the maximum adjuvant 

activity. Due to the problems presented in the previous synthesis we stopped the 

procedure at the alkylation step (compound 14).

To effect the synthesis of the di-alkyl wyo-inositol we started from the 1,2-0- 

isopropylidene-wyo-inositol ^  which was treated with 2,2-dimethoxypropane in 

acetone containing an acid catalyst. It caused the rapid conversion of ̂  into the soluble 

di-isopropylidene derivative ^  together with the formation of less polar materials
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Unfortunately, while in the literature the formation of the other possible di-protected 

isomers was not observed, i.e. 2^ and we did have this problem. We tried to improve 

the reaction repeating it in exactly the same conditions as the ones used for the 

conversion of wyo-inositol into the mono-protected 2a. In this case the reaction proved 

to be successful. Unfortunately, the use o f high temperature to facilitate the evaporation 

of the DMSO from the mixture reaction probably caused elimination in the myo-inositol 

ring, thus, consequent treatment of 2b with bromodecane did not give the expected di

alkyl derivative 14. This observation, together with the unsuccessful conversions 6=^9 

and 10a->12 suggested abandoning the synthesis described in the scheme 3.5.

2.2.1.5 Conclusions

Although much effort was expended in order to obtain the desired final compounds 9 

and 12a, we could not succeed. The cyclohexane ring o f wyo-inositol proved to be too 

stable towards Sn2 reactions and neither forcing conditions, nor changing conditions for 

the reaction, led to the desired products. Future work using L-quebrachitol (figure 2.7), 

a natural compound extracted from rubber trees, may lead to a successful synthesis. 

There is a good amount of literature describing Sn2 reactions on L-quebrachitol which, 

then, may be a more reactive compound.

OH
OH OH

OH

OMe
OH

Figure 2.7 L-quebrachitol 

We decided to focus our attention on the synthesis of the linear polyols.
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2.2.2 Synthesis of liner polyols-based adjuvants

2.2.2.1 Synthesis of 2,3-di-O-alkyl-threitol

A general scheme of the synthesis is given in scheme 2.6

N.
TsO

O O

OTs

NaN. O O

DMF
19b

NaN,

DMF

N, OTs

O O

19a

N.

MeOH

HgSO^conc.

N.

\
OH OH

20b
Etc.

KOH BhCH^lgCH,

N. N,

\  21b

NaBH,

Pd/C

HgN NH,

\
^ 21*̂ 10̂  ^ ^ 10̂ 21

22b

Scheme 2.6 Synthesis of 2,3-0-alkyl-threitol
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The starting point of the synthesis of 22b was (S,S)-(-)-l,4-Di-0-tosyl-2,3-0- 

isopropylidene-L-threitol which was treated with 6 equivalents o f NaN] in DMF. The 

tosyl group is a better leaving group than the mesyl and the reaction proceeded with 

formation of 19a and 19b at 50°C, but forced conditions (reflux, overnight) gave 100% 

of yield of the di-azide 19b. After cleaving the isopropylidene protecting group in acid 

conditions, 20b was alkylated with bromodecane using 5 equivalents of KOH in 

toluene-DMSO 4:1 and, forcing the conditions, the di-alkyl derivative 21b was the main 

compound obtained in a yield of 64%. In this case decreasing the polarity of the 

medium seemed to be an important factor, the conversion 20b=*21b in DMF being 

unsuccessful. A possible explanation could be that the negative charge carried from the 

alkoxide ion is dispersed during the transition state of the SN2 on the alkyl bromide and 

so the reaction is hindered by polar solvents. Furthermore, the use o f a protic solvent 

seemed important to increase the rate of attack by the alkoxyde ion to the alkyl bromide. 

Further reduction with NaBH4 and Pd/C gave the desired final compound 22b as the 

main product with a final yield of 97%. 22b did not need any purification by 

chromatography, but was simply precipitated from a water solution adding IM HCI to 

reach pH= 7.5.

2.2.2.2 Synthesis of 2,3,4-O-tri-alkyl arabitol

A general scheme of the synthesis is given in scheme 2.7.

L-Arabitol was initially treated with 1.1 equivalents of MsCI in order to have the 1,5- 

di-substituted compound 13. In fact, we expected the reaction would be more likely to 

happen at the oxygens attached to the primary carbons than at the oxygens at the 

secondary carbons, the first being less hindered and more reactive than the second. 

Furthermore, to avoid the formation of other isomers as much as possible, we performed 

the reaction with an excess of arabitol over the choride. In this way we expected a lower 

yield o f 23 but better purity o f the mixture. After a preliminary purification by 

chromatography (which did not give completely pure ^  but allowed us to remove most 

of the impurities), treatment with NaN] gave the corresponding azides. The alkylation 

was directly performed without any purification o f the mix of azides. 24 plus the other 

isomers, were treated with 4 equivalents of bromodecane using KOH as base in toluene-
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DMSO 4:1. In this case the final mixture was very complicated, but we preferred to 

purify it at this stage, the purification by chromatography being simpler with a mix of 

alkyl compounds and so, more apolar structures.

-O H  

— OH

OH-

OH-

-OH

L-Arabitol

MsCI

DMF

-O M s  

 OH

OH-

OH-
+  Other isomers

-OMs

23

NaNg
DMF

-----OH

OH-

OH-
24

KOH
Br(CH2)gCH3

 00 0̂̂ 21
C10H21O— 
C10H21OH

25

NaBH^, Pd/C 

THF

-NHg 
 00 0̂̂ 21

C10H21O— 
C10H21OH

-NH.

26

Scheme 2.7 Synthesis of tri-alkyl arabitol
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In this case, in fact, the rate of elution would be very different between mono-, di- and 

tri-O-substituted compounds and also, we could concentrate our purification on the less 

polar fractions which should contain the desired compound 25.

In order to purify the mixture, three chromatographic columns were necessary. For the 

first one different gradients o f hexane-ethyl acetate were used and, after elimination of 

the fractions containing the excess of bromodecane, the less polar fractions were 

collected. The second and the third columns were performed in different gradients of 

hexane-ether, but, unfortunately, we were not able to obtain 25 completely pure (table 

2.2a). Therefore, we decided to purify by HPLC the best fraction (33-39) containing the 

compound (table 2.2b). In this condition, pure 25 was obtained and it was treated with 

NaBH4 and Pd/C for the usual reduction, giving the final 26.

Table 2.2 (a) Chromatography columns of 7g of mixture of aUcyl-arabitols

Eluent ml eluent Fractions

recovered

mg

Chromatography 1 Hexane-EtOAc

95:5

660 ml

Hexane-EtOAc

90:10

1000 ml 58-71;

72-78

2.80g

600mg

Chromatography 2 

(fraction 58-71)

Hexane-ether

95:5

1500 ml 46-55;

56-62;

63-74

450mg

120mg

lOOmg

Hexane-ether

90:10

400 ml 75-95 500mg

Chromatography 3 

(fraction 46-55)

Hexane-ether

95:5

1000 ml 33-39 250mg
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Table2.2 (b) HPLC of alkyl arabitol 25 (fractions 33-36)

Time %A %B

0.1 70 30

20-25 0 100

30-45 100 0

A=H20+0.1%TFA 

B=CH3CN+0.1%TFA 

Column: Vydac C4

2.2.2.3 Conclusions

Synthesis o f di-O-alkyl threitol 22b was successful. All the reactions involved proved to 

be fast, mainly because it was possible to force the conditions by increasing the 

temperature without any side reactions. Furthermore, the higher temperature used led to 

complete substitutions in all the steps, thus giving high yields. Therefore, it was 

possible to obtain 22b in large amounts. Finally, we did not use any particular and 

expensive reagents, thus providing a synthetic procedure that was simple and cheap. 

Synthesis of tri-O-alkyl arabitol 26 was successful. The reactions involved were the 

same used for compound 22b , so, as for the latter, all the synthetic procedures were fast, 

simple and cheap. The problem, in this case, was represented by the purification. It 

proved to be quite long and difficult due to the presence of the many and similar lipidic 

compounds. A possible solution for this inconvenience could be the partial protection, 

as first step, of the starting arabitol, in positions 2,3 or 3,4 with an isopropylidene group 

and later deprotection after the azidation step. In this case a less complicated mixture of 

reaction products would be obtained after the alkylation. Unfortunately, neither 2,3-0- 

isopropylidene-arabitol, nor 3,4-0-isopropylidene-arabitol was commercially available. 

Therefore, L-arabitol was treated with 1 equivalent o f 2,2-dimethoxypropane. Although 

we expected to have mainly substitutions in cis OH and so a predominance of the 1,2 

and/or 3,4 protected compounds, the mixture was very complicated and so needed a
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long and difficult purification. Therefore, we thought that the synthetic procedure 

presented here was better.

2.2.3 Synthesis of the carrier MAP

The synthesis of MAP was carried out using either solid phase or solution-phase 

protocols.

2.2.3.1 Solid phase synthesis

Solid phase synthesis is a technique introduced by R.B. Merrifield in 1963̂ "̂̂  and has 

since been used for the synthesis of many peptides. The reactions used are the same as 

in conventional synthesis, but one of the reactants is anchored onto a solid polymer. For 

example, if  it is desired to couple two amino acids (to form a dipeptide), the polymer 

selected might be polystyrene with CH2CI side chains (figure 2.8). One of the amino 

acids, protected by a /-butoxycarbonyl group (Boc), would then be coupled to the 

CH2CI side chain (step A). The Boc group is then removed by hydrolysis with 

trifiuoroacetic acid in CH2CI2 (step B) and the second amino acid then coupled to the 

first, using DCC or some other coupling agent (step C). The second Boc group is then 

removed (step D), resulting in a dipeptide that is still anchored to the polymer. The 

desired dipeptide can be cleaved from the polymer with various methods, one of which 

is treatment with HF (step E), otherwise, additional amino acids can be added by 

repeating steps C and D.

The basic advantage of solid phase is that the polymer is easily separated from all other 

reagents because it is insoluble in the solvents used. Excess reagents, other reaction 

products (e.g. DCU), side products, and the solvent themselves are quickly washed 

away. Purification of the polymeric species is rapid and complete. The process is 

usually automated.
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Figure 2.8 Outline of dipeptide synthesis by the solid phase technique
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Boc is not the only protecting group used in solid phase synthesis. Fmoc (9- 

fluorenylmethoxycarbonyl) is also used to protect a-amino groups since the publication 

by Carpino^^^ in 1970. Fmoc is rapidly cleaved with secondary base, particularly 

piperidine diluted with DMF and it does not exhibit side reactions with potentially 

sensitive amino acids. The method involved with Fmoc chemistry is operationally 

simple and chemically less complex than the Boc procedure. It is a mild procedure and, 

because of its base lability and acid resistance, it gives an element of chemical 

versatility in solid phase strategies.

Since the original concept of SPPS (solid phase peptide synthesis) was reported, the 

design o f polymer support has significantly evolved. The original work of Merrifield 

was based on the use of microporous polystyrene cross-linked with low levels of 

divinylbenzene, but, technical difficulties arose from solubility problems. Solvents that 

solvate the polystyrene matrix sometimes bring about aggregation of peptide chains 

resulting in steric inaccessibility of reagents to reactive sites. Several strategies have 

been employed that use support matrices with solvation properties more comparable to 

those of the growing peptide chain. The introduction Jfrom the Sheppard group’^^of low- 

pressure continuous flow methodology for SPPS, allowing the peptide to be assembled 

in an enclosed column, prompted the preparation o f compatible solid supports. The 

original support used was polydimethylacrylamide polymerized within the pores of a 

kieselguhr matrix; polyhipe, another development o f this principle, incorporates 

polyacrylamide into a novel macroreticular polystyrene matrix. Mutter and co

workers developed the concept o f polyethylene glycol (PEG) anchored onto a rigid 

polystyrene core. Further optimization of this support led to Tentagel and the related 

PEG-polystyrene resins developed by Barani et al.'^^. These latter two have recently 

gained more importance in SPPS. Other important supports are polyethylene glycol- 

polyacrylamide (PEGA) resins and the cross-linked ethoxylate acrylate resin (CLEAR). 

The choice of commercially available supports for SPPS is now exhaustive, ranging 

from supports containing methyl ester or amine functional groups through to resins with 

linkage agents and the first amino acids already attached.

Different kinds of linkage agents are now commonly used in Fmoc SPPS. For the 

synthesis of fully deprotected peptides terminating in a carboxyl group the linkage agent 

4-hydroxymethylphenoxyacetic acid is most often used. It can be introduced onto an

95



Chapter two__________________Synthesis of new ad juvants and carriers for FMDV

amino support using standard coupling agents. For the synthesis o f peptide amides 4- 

hydroxymethylbenzoic acid has been used. This linkage agent is completely resistant to 

acids and, consequently acid-labile protecting groups can be removed prior to cleavage. 

The most popular linkage for the preparation of peptide amides is the Rink linker, 4- 

(Fmoc-amino-2’,4’-dimethoxybenzyl)phenoxyacetic acid. This linkage can be cleaved 

with TFA, simultaneously removing acid-labile side-chain protecting groups, to liberate 

fully deprotected peptide amides.

Procedures involved in SPPS are quite simple. Once the linker is attached to the resin, 

the peptide chain can be assembled. If the first amino acid has to be coupled to an amino 

function o f the linker, then standard coupling protocols can be employed. However, if 

ester bond formation is required precaution should be taken to reduce racemization of 

the C-terminal amino acid during the acylation reaction. Coupling with the carboxylate 

salt of the first amino acid to the halogenated linker is popularly used and many other 

methods have also been described to reduce enantiomer formation. The use of 

dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIPCDI) for activation 

and a catalytic amount of 4-dimethylamino-pyridine (DMAP) for ester bond formation, 

keeps racemization down to amounts that are not detectable.

For normal coupling reactions traditional reagents such as DCC and active esters as 

pentafiuorophenyl esters have been effective in amide bond formation on the solid- 

phase. The phosphonium- and uronium-based coupling agents are more commonly 

used. These reagents activate Fmoc-amino acids in an efficient manner, lead to rapid 

amide bond formation, are easy to use, and are devoid of side reactions if the activation

is carried out properly. Typical of the species are benzotriazol-1-

yloxytris(dimethylamine)phosphonium hexafluorophosphate (BOP) and the

benzotriazoletetramethyluronium salts 0-benzotriazole-1 -yl-N,N,N’ ,N’-

tetramethyluronium hexafluorophosphate (HBTU) and the corresponding

tetrafluoroborate (TBTU). Complementary to these latter two is the coupling agent 1- 

hydroxy-1 -azabenzotriazoleuronium salt (HATU) which is particularly effective with 

hindered couplings.

Many different methods have been proposed to remove the Fmoc group from the 

growing peptide chain^^^. The standard method employs piperidine in DMF (20%, v/v).
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Peptide bond formation has been monitored by many qualitative and quantitative 

techniques, but the most routinely applied is the Kaiser test’^̂ . This is a qualitative test 

done in real time and uses a ninhydrin-based system. The test is convenient for primary 

amino groups, but when acylations are performed into a secondary amino function such 

as Pro-terminating peptides, the isatin test^^  ̂ can be used. Furthermore, amino acid 

analysis following hydrolysis of peptide-resins gives useful information.

The procedure normally employed to remove the peptide from the support to produce 

both peptide acids and amides is to treat the resin with a TFA-scavenger mix. This 

treatment releases the peptide while simultaneously removing the side-chain protecting 

groups. The scavenger mixture is very much dependent on the constituent amino acids 

and the order in which they appear in the peptide chain.

Kaiser test The determination of unreacted terminal amino groups is of critical 

importance in the controlled synthesis of pure peptides by the Merrifield method. The 

Kaiser test is a fast and sensitive color test which is capable of indicating if greater than 

99% of the terminal amino groups are reacted. The ninhydrin reagent was described by 

Troll and Canan^^^ and it consists of three solutions:(l) phenol in EtOH; (2) KCN 

0.00IM in pyridine; (3) ninhydrin in EtOH. Generally, a small sample of the resin- 

peptide is placed in a tube and is treated with few drops o f each reagent. After 

incubation for few minutes at 150°C, a dark blue color indicates a positive test and so, 

the presence of free amino groups, while a pale yellow solution indicates that there are 

no free amino groups present (negative test). The blue color is due to the formation of a 

chromophoric structure, defined as Ruhemann’s purple, by reaction between ninhydrin 

and the primary amino group of the peptide. In the presence of free amino groups, the 

resin beads can exhibit a blue or a white color, depending on the structure of the resin. 

A blue color is characteristic of chloromethylene resins, while a white color of 

hydroxymethylene resins.

2 .2 .3 .2  S yn th esis  o f  M A P  by so lid  p hase

As previously reported, the MAP synthesized was a (NH2)4-(Lys)3-OH. The procedure 

used is the same as the one shown in figure 2.7. In this case, however, Fmoc synthesis 

was used, so the amino acids employed were Fmoc-Lys(Fmoc)-OH. The solid support
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used was a NovaSyn TGA resin which is a PEG cross-linked polystyrene based resin. It 

is derivatized with the TFA-labile 4-hydroxymethylphenoxyacetic acid linker. 

Attachment of the carboxylic group of the Lys was achieved by the DMA? catalysed 

estérification using DCC as anhydride. An estimation of the first residue attachment was 

carried out by measuring the absorbance at 290 nm of a solution of the resin-bound 

amino acid in 20% piperidine in DMF. In this case the loading was obtained by 

applying the equation: Fmoc loading mmol/g= (Abs o f the sample-Abs of the 

ref.)/(1.65x mg of resin). The substitution of the resin employed was 0.24 so, the closer 

is the loading found, the better is the first residue attachment to the resin.

Deprotection of the first amino acid attached was effected with a solution 20% 

piperidine in DMF and a consequent Kaiser test was carried out. The coupling with the 

two Fmoc-Lys(Fmoc)-OH was then realized using HATU as the coupling agent in the 

presence of DIEA. HATU is the 2-( 1 H-7-Azabenzotriazol-1 -yl)-1,1,3,3-tetramethyl 

uronium hexafluorophosphate salt and it activated the carboxylic group of the Fmoc- 

Lys by estérification with the hydroxybenzotriazolic group. HATU proved to be a high 

yielding coupling agent. In this case, base was added a few minutes after the amino 

acids and the coupling agent were mixed together. This was based on the in situ 

t e c h n i q u e i n  which the idea is to add the base to the already formed activated 

compound to ensure the completion of the reaction.

After deprotection, the tripeptide was cleaved from the resin using a 95% TEA solution. 

The tripeptide was obtained as white solid by precipitation from a solution of 95% TFA 

and CH2CI2 with cold ether.

The sequence of the reactions involved are described in scheme 2.8.

Unfortunately, the yield of the whole procedure was not very high, thus we decided to 

prepare greater amounts of the same (NH2)4 -(Lys)]-OH by synthesis in solution.
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Scheme 2.8(a) Attachment of (Fmoc)-Lys(Fmoc)-OH to the resin
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2.2.3.3 General concepts of peptide synthesis in solution

Peptide synthesis in solution is based on the same concepts as solid-phase synthesis. In 

theory, solid-phase synthesis should provide a cleaner final peptide and is most suitable 

for long chain peptides. In this case we had to synthesize a short tripeptide so the use of 

solution synthesis would probably provide a better yield.

In peptide synthesis, two main concepts have to be considered: protecting groups and 

coupling of amino acids. All the non-participating reactive groups present in the amino 

acids have to be protected, leaving only functional groups involved in the coupling un

protected. Protection of reactive groups means not only protection of the a-amino and 

of the a-carboxylic functions, but also o f all the reactive groups present in the side 

chains o f the amino acids such as OH, SH, NH2, COOH etc. Furthermore, protecting 

groups have to be carefully chosen, needing to be easily introduced and chemically 

stable during the conditions of peptide synthesis. Also, they need to be easily removed 

without affecting the rest of the peptide molecule.

Protecting groups for amines should be able to reduce the nucleophilicity of the NH] 

group enough to prevent any kind of reaction. Carbamates are normally used for this 

purpose, being cleaved under mild conditions. They are C-alkoxyamides and they are 

used also for their ability to reduce racemization during amino acids coupling. Many 

carbamates have been used as protecting groups, the most useful being the t- 

butoxycarbonyl group (Boc)^^'^-easily cleaved by acidic hydrolysis- and the 9- 

fluorenemethoxycarbonyl group (Fmoc)^^, removed by p-elimination with base. Also, 

methoxy and ethoxycarbonyl groups, benzyloxy (Cbz) and allyloxycarbonyl groups 

(Aloc)^^^ have been extensively used. Other amino protecting groups include N-sulfonyl 

and N-sulfenyl derivatives, and N-alkyl derivatives such as benzyl and trityl 

(triphenylmethyl) groups.

Carboxyl groups are normally protected as esters, the esteric function being more easily 

cleaved than the peptidic bond. Several protective esters have been used. They include 

methyl^ tert-h\xXy\, methoxymethyl (MOM), benzyloxymethyl (BOM), 2-

methoxyethoxymethyl (MEM), b e n z y lp -n itro b e n z y l and allyl^^^ esters. However, 

due to its easy preparation, low steric hindrance and simplicity in ^H NMR spectra, the 

methyl ester is the most widely used.
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Once the amino acids are appropriately protected, they need to be converted to a 

sufficiently reactive species for coupling. Activation of an amino acid normally 

involves converting the COOH terminus into a more reactive species which is a good 

leaving group. In this way the nucleophilic NH2 can attack the carbonyl group of this 

activated compound leading to the peptidic bond with simultaneous expulsion of the 

leaving group. There are several ways to activate the carboxyl group of an amino acid. 

The most extensively used is the dicyclohexylcarbodiimide (DCC)^^^ procedure. In this 

case, the electrophilic carbon of DCC is readily attacked by the nucleophilic OH of the 

amino acid and the intermediate 0-acyl isourea is rapidly formed. The carbonyl group 

o f the amino acid is now activated and can rapidly react by nucleophilic attack. In this 

case the attack can be effected by the amino group of another amino acid, leading to a 

peptidic bond with simultaneous expulsion of the leaving group as dicyclohexylurea, 

which is the driving force of the reaction (DCU being a very stable compound). 

Otherwise, the nucleophilic attack can be carried out by the COOH group o f non

activated amino acid, leading to a symmetrical anhydride which is an activated species 

that could react again with the amino group of another amino acid leading, again, to a 

peptidic bond and regeneration of the first amino acid. DCC can also react with amines 

yielding guanidine derivatives, but the rate of this reaction is negligible in comparison 

to the reaction with the COOH group.

The simplicity and high yield of this method have made it very popular; furthermore, 

DCU can be easily removed from the mixture by filtration, being insoluble in the 

solvents normally used for coupling. Sometimes side-reactions can occur on the 

reaction intermediates, leading to the loss of enantiomeric purity in some extent. Also, 

the nucleophilic component of DCU can compete with the amino groups in the attack to 

the 0-acyl isourea leading to undesired N-acyl ureas. To prevent these undesired 

reactions the approach of the in situ technique has been successfully used. The addition 

o f compounds such as HOBt together with DCC generates an intermediate which is 

more reactive and can be easily attacked from the amino group. HOBt, in fact, attacks 

the 0 -acyl isourea leading to a very active ester (0 -acyl-1-hydroxybenzotriazole) which 

rapidly reacts with the amino groups. The addition of a second nucleophile such as 

HOBt reduces the concentration of 0-acyl-isourea leading more easily and quickly to 

the peptide bond. Also, HOBt is a weak acid and, by preventing proton abstraction from
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the chiral carbon atom, it reduces racemization leading to a greater enantiomeric purity. 

Furthermore, by shortening the lifetime of the 0 -acyl-isourea intermediate, HOBt can 

reduce the extent o f N-acyl isourea formation. HOBt is regenerated during the coupling, 

thus its concentration is always constant. An outline o f the mechanisms involved in 

DCC-HOBt coupling is shown in figure 2.9.
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RCOOH N = C = N -

R— C = o
I

O

N  C — NH

HOBt
R COOH

R — 0

R— C

RNH

0  — NHR'

R'NH,

HOBt=

OH

-ti
N

Figure 2.9 An outline of DCC-HOBt coupling

104



Chapter two Synthesis of new adjuvants and carriers for FMDV

2.23.4 Synthesis of MAP in solution

Synthesis of MAP in solution (scheme 2.9) was effected using Boc-Lys(Boc)-OH. Boc 

was chosen as the amino protecting group for the simplicity and for the economy of the 

synthesis involved with it. Also, Boc is a very stable group, resistant to basic and 

nucleophilic reagents and inert to catalytic hydrogenation. Boc is normally cleaved in 

mildly acidic conditions.

After conversion of Boc-Lys(Boc)x DCHA into the free acid, coupling was effected.

NH2ÇHCOOCH3 X 2HCI 

(CHg),

NH.

+ 2
BocNHCHCOOH

( ^ ^ 2)4

NHBoc

DCC,HOBt

DIEA

28

CH3 OCOÇHNHCOCHNHB0 C

(CHg)^ (CH2)4NHBoc 

NHCOCHNHBoc

(CH2)4NHBoc

DCU

NaOH
MeOH

HOOCCHNHCOCHNHBoc

(^^2)4 (CH2)4NHBoc 

NHCOCHNHBoc

29 (CH2)4NHBoc

Scheme 2.9 Synthesis of MAP in solution
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The DCC-HOBt method was used and THF-DMF were used as solvents. A base, DIEA, 

was added in order to raise the pH and deprotonate the free amino group making it more 

nucleophilic.

Consequent hydrolysis of the methyl ester in basic conditions gave the desired 

compound ^  as the free acid.

In solution, synthesis of MAP gave high yields and purification by chromatography was 

simple. Therefore, solution-phase synthesis proved to be a better method to obtain 

MAP.

2.2.4 Synthesis of the epitope

The epitope synthesized was a 21-mer peptide and its sequence corresponded to: 

Ac-YTASARGDLAHLTTTHARHLPC-OH ^

The N-terminus was acetylàted to prevent side reactions while an extra Cys was added 

to the C-terminus to allow the ligation to the adjuvant. The C-terminus was protected as 

an amide.

The synthesis was carried out in solid phase using an MB HA (p-methylbenzydrylamine) 

resin. MBHA are the most widely used resins for synthesis of peptide amides using Boc 

strategy. The resin consists of polystyrene beads acylated with methylbenzoyl chloride 

to introduce an additional phenyl ring to yield a ketone resin. This intermediate is 

reductively aminated to yield the MBHA resin. The additional phenyl ring renders the 

resin linkage labile to HP, giving peptide amides upon cleavage.

The procedure used was based upon a manual Boc/Bzl chemistry. This means that all 

the amino groups were protected as Boc carbamates and the side chains were protected 

with benzylic groups or similar.

The following protected Boc amino acids were used: Arg(Tos), Asp(OcHex),

Cys(Meb), Ser(Bzl), His(Dnp) and Thr(Bzl). In the case o f Arg a sulfonyl-based

protecting group was chosen, it being more stable than the alternative nitro and the

urethane protecting groups. The tosyl group appears to offer complete blocking of the

guanidine group and is removed with HF/anisole. In the case o f Asp, the most common

side reaction is cyclization to form succinimide and the subsequent reopening of the

ring to yield undesirable p-aspartyl peptides. Also, several authors have observed the

formation of aspartimide and piperidine. In Boc chemistry, the P-cyclohexyl ester
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provides protection against succinimide formation in sensitive sequences. The 

advantage of Dnp (2,4 dinitrophenyl) in the protection of the imidazole ring of His is 

that it is stable to almost all coupling conditions and, therefore, it may succeed in 

difficult couplings where the use of a different protecting group had failed. All the 

groups used to protect the side chains are easily removed with HF, except for the Dnp of 

His, which is better cleaved with thiophenol and DIEA in DMF.

The coupling was effected using TBTU chemistry. TBTU is 2-( 1H-Benzotriazole-1 -yl)- 

1,1,3,3-tetramethyluronium tetrafluoroborate (figure 2.10). TBTU and HBTU are the 

most popular in situ activating reagents used in both solid and solution phase peptide 

synthesis, offering reactivity similar to symmetric anhydrides. Couplings proceed 

smoothly and rates can even be enhanced by the addition of HOBt. In addition to the 

high reactivity, HBTU and TBTU have also been shown to reduce enantiomerization 

during fragment condensation. Also, comparative experiments between HBTU and 

TBTU have shown that the counter ion has no influence on coupling rates or levels of 

en an tio m eriza tio n 'T h e  mechanism involved in TBTU couplings is the same as that 

shown for HATU (figure 2.8b)

(C H 3),N .^^^N (C H 3)2  
+

B F /

TBTU

Figure 2.10 Structure of TBTU

The progressive chain elongation was monitored using the Kaiser test. When the assay 

was negative, chain elongation proceeded via incorporation o f the following amino acid 

residue, starting with the cleavage o f the Boc group. When the assay was positive, a 

recoupling cycle was performed.
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Cleavage of the peptide was performed using HF and p-cresol as scavenger. The use of 

HF allowed deprotection of all the side chains (except the Dnp of His) and, at the same 

time, released the peptide as an amide. Cleavage by HF proceeds via an SnI mechanism 

and requires low temperatures (between 0° and 5°C). Scavenger plays a key role in 

reducing the possibilities of side reactions. For MBHA resins p-cresol is 

recommended^

2.2.5 Conjugation of the adjuvant to the epitope

2.2.5.1 Ligation

Although peptides of at least 50 amino acids can be correctly synthesized by common 

peptide synthesis techniques, bigger proteins can present some problems. This is mainly 

due to the accumulation of side reaction products occurring during coupling and 

deprotection procedures, as well as to poor yields in difficult couplings. Also, peptides 

being synthesized on the resin can adopt secondary structures which make coupling 

difficult. Some more complex proteins possess a branched structure and cannot be 

synthesized by conventional techniques. Ligation is a collection of approaches which 

allow fully unprotected peptide building blocks to be regioselectively joined together in 

aqueous solution to create a target protein molecule. It can be achieved either 

c h e mi c a l l y ^ b y  incorporating unique functionalities at the amino and carboxyl termini 

of the peptide segments, or enzymatically using sophisticated reverse-proteolysis ̂ . 

The principles of chemical ligation are shown in figure 2.11

Chemical ligation uses the principle of chemoselective reaction, that is, the reaction of 

two large unprotected peptide segments in water at neutral pH, to yield polypeptides of 

up to 120 amino acids in length. An unnatural moiety replaces the native peptide bond 

at the site of ligation. Quantitative ligation is typically obtained in a matter o f hours. 

Use of unprotected peptide segments has a number o f advantages. Synthetic peptides of 

up to 60 amino acids can be prepared using SPPS and can easily be purified by HPLC 

and characterized by common techniques such as mass spectrometry which relies on the 

presence of ionizable groups. Finally, unprotected peptides frequently have good 

solubilities in aqueous solution. Chemical ligation is based on the concept o f generating 

a non-amide linkage between the peptides being joined together. Thioester and
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hydrazone'^^ forming reactions were among the first to be described, but have since

been joined by oxime^^^, thioether' and thiozolidine^'“based approaches (table 2.3)177 178i

NH

COO*
NH,

NH, •CO O '

HOHS
SH

Peptide 1
Peptide 2

C h e m o se le c t iv e
reaction

COO* coo*
NH,

NH, :oo*

HOHS
‘SH

A nalogue
structure

Figure 2.11 Principles of chemical ligation. Two completely unprotected peptide 
segments are covalently joined by means of the chemoselective reaction of unique, 
mutually reactive functional groups.

A feature common to all chemical ligation strategies is the selective nucleophilicity of 

the attacking species under the optimum ligation conditions, typically neutral pH and 

below. For example, the nucleophilic thioacid group will react with appropriate 

electrophiles at pH 3 and above, whereas all naturally occurring side-chain nucleophiles 

(-SH, -NH2, -OH) require a substantially elevated pH before they are in a reactive 

deprotonated form. This lets only the desired ligation take place, allowing both peptide 

building blocks to be completely unprotected. Even if the ligation takes place in 

aqueous solution, organic solvents and solubilizing agents as urea and guanidine are 

tolerated.
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Table 2.3 Published chemical ligation techniques

Ligation Nucleophilic Electrophilic Ligation Protein

chemistry group group conditions constructed

Thioester Thioacid Bromo acetyl pH 3-7 HIV-1 protease^^

Thioether Thiol Bromoacetyl,
maleimide

pH 6-8 Integrin domain^^

Hydrazone Hydrazide Glyoxyl pH 4.6 Granulocyte
colony-stimulating
factor^^

Oxime Amino-oxy Levulinic acid, 
glyoxyl

pH 4.6 c-Myc-Max’

Thiozolidine Cysteine Aldehyde pH 3-5 -

Amide Cysteine Thioester pH 5-8 Interleukin-8

An important extension of the chemical ligation approach has recently been 

d e s c r i b e d ' w h i c h  uses the intramolecular acylating property o f the thioester 

functionality. Referred to as native chemical ligation, the method utilizes a 

chemoselective reaction cascade that results in the straightforward generation of 

proteins with native backbone structures from fully unprotected peptide building blocks 

(figure 2.12). Reaction of an unprotected synthetic peptide-a-thioester with another 

unprotected peptide segment containing an N-terminal cysteine residue gives a 

thioester-linked intermediate as the initial covalent product. Without change in the 

reaction conditions, this intermediate undergoes a spontaneous intramolecular reaction 

to form a native peptide bond at the ligation site. The target full-length polypeptide is 

obtained in the desired final form without further manipulation. Native chemical 

ligation can be performed in the presence of all the functionalities commonly found in 

proteins, including free cysteine sulfhydryls. An example is the successful synthesis of 

interleukin-8, a 72 amino acid cytokine containing four cysteine residues which form 

two functionally critical disulfide bonds^^.
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:00 * +,NH

COO'NH, :-SR

HOHS' SHPeptide-1 OH
Peptide-2

A
Chemoselective
reaction

î r  = Qoo- :0 0 ' NH
NH, H-O ;oo

HOHS SHOH

Spontaneous
rearrangement

" 2NfNH2 coo '_____

f?  :

SH
HO

GO +

GO'

SH

Figure 2.12 Native chemical ligation

Canne et al.^^  ̂ have provided a preliminary report that describes the extension of the 

chemical ligation principle to polymer-supported synthesis. Solid phase chemical 

ligation, the chemical ligation of unprotected peptides on a polymer support, has the 

advantage of rapid purification by filtration of intermediate polymer-bound ligation 

products and, thus, enable the sequential ligation of up to eight peptide segments. With 

this approach, completely unprotected peptide segments were condensed in aqueous 

solution on a water-compatible solid phase. The method was illustrated by the synthesis 

of the 115 amino acid polypeptide of macrophage migration inhibitory factor by 

sequential ligation of four unprotected peptide segments.
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2.2.S.2 Chemical ligation via thioether bond

(a) Chemical ligation through bromoacetyl and chloroacetyl moieties

This approach has been extensively used to overcome the base-catalyzed hydrolysis 

o f the common thioester approach at pH 7. This strategy allows linkage of two 

polypeptide segments by conjugating the segment containing cysteine at either the 

carboxyl or the amino terminus to the segment containing a chloro or a bromoacetyl 

moiety (figure 2.13). The ligation occurs in two steps. In the first step, an activated 

chloro or bromo acetyl group reacts, via an Sn2 mechanism, with the amino 

terminus of a peptide, yielding the corresponding haloacetylated compound. This 

first step is normally effected in solid phase but can also be easily performed in 

solution^^^. In the second step, the thiol o f the peptidic segment containing the 

cysteine attaches to the haloacetyl moiety, giving the corresponding thioether 

linkage.

O

XCHgC OH  XCHgC.

o
X= Br, Cl

XCH.C^
O

XCHgC O

p  +  HgN Peptide--------------------------- X C H p ------NH-Peptide

XCHX^
O

Figure 2.13 Chemical ligation through aloacetyl moieties

In a procedure described by Robey^^, bromoacetic acid is firstly converted to the 

corresponding anhydride and then coupled to the amino terminus of a completely 

protected peptide bound to the resin. The described reaction was very fast and the 

bromoacetylated peptide was cleaved from the resin with HF, releasing the
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completely unprotected peptide. In previous work, the same procedure was applied 

using the chloro derivative. The bromo derivative was obtained faster and more 

easily than the chloro, mainly due to its higher reactivity.

In a work by Lu et al.'^^, a chloroacetylated oligomeric lysine core (MAP) was 

coupled to a synthetic peptide containing a residue of cysteine at the amino 

terminus. The peptide used had a short amino acidic chain and an additional 

cysteine was added to its amino terminus, being the immunogenic site of the peptide 

closer to its carboxyl terminus. Results proved that for short peptide immunogens 

(<20 residues) the distal and most flexible antigenic site o f a short peptide 

immunogen should be placed away from the conjugation site, and so on the distal 

end o f the peptide-MAP construct. Chloroacetylation of MAP was effected on solid 

phase in high yield and purity and the ligation was performed in solution. The 

authors emphasized that the small size of the chloroacetylated MAP and the increase 

in the molecular weight after each addition of the peptide antigen were the main 

factors that favored the completion of the reaction.

The bromoacetyl liganding approach was also employed to synthesize the 

cytoplasmic domain of the integrin ocubPs, a long 126 amino acid protein^^. The 

residue of cysteine was incorporated at the N-terminus o f one peptidic segment, and 

the bromoacetyl moiety was inserted at the N-terminus of the other peptidic 

segment. Both segments, the nucleophilic and the electrophilic, were synthesized as 

peptide amides. The choice of pH was a crucial part of the liganding reaction. In 

fact, several studies revealed that ligation cannot be brought about at low pH. 

However, too high a pH will also deprotonate the 6-amino groups in lysine side 

chains (p K a = 1 0 .5 ) ,  causing them to react with electrophilic groups such as the 

bromoacetyl, leading to undesired products. Obviously, a compromise must be 

chosen between these two effects. Commonly, ligations are performed at pH 

between 7 and 8. During ligation the main side reaction is the formation of 

substantial amounts of disulfide-linked homodimer o f the cysteine component. 

Formation of this species reduces the amount of the peptide available for the 

liganding and so the yield of this reaction. To reduce this effect, the reaction must be 

carried out in an atmosphere devoid of oxygen. Also, in order to improve the yields 

of the liganding, the reaction, normally performed in aqueous solution, was done in
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a dipolar aprotic solvent. Air oxidation of a mercaptan to a disulfide follows a 

multistep mechanism involving sulfur radical formation, whereas the nucleophilic 

attack o f a thiolate ion on a primary alkyl halide, such as the bromoacetyl moiety, 

occurs by an Sn2 mechanism. In this case, the use of a dipolar aprotic solvent would 

have two effects: enhanced reactivity of the charged nucleophile due to reduced 

solvation and better solvation o f the charge-separated transition s t a t e T h e  use of 

DMF in the presence o f aqueous phosphate confirmed this hypothesis and the 

ligation proceeded extremely quickly with no disulfide-linked dimer formation 

observed. Since peptides do not have a good solubility in DMF, urea was 

incorporated in the mixed solution to improve the solubility.

Examples of chloro and bromoacetylated compounds have been described so far. 

The iodoacetylated moiety is known to be more reactive towards the thiol alkylation 

reactions. However, chloroacetylated derivatives would be more stable and, then, 

less reactive, than the other haloacetylated derivatives.

(b)Chemical ligation through maleimide

Maleimide can be used as a linker between two peptide segments, one of which 

possesses a terminal thiol group and the other an amino terminal function. Many 

examples are reported in the literature and depend upon different ways of generating 

a maleimide linker. One of the first ways described was the maleic anhydride 

approach. Maleic anhydride reacts with the amino terminal function of a peptide 

and, after cyclisation to the maleimide grouping^ the thiol group of a terminal 

residue of cysteine could easily react with the double bond of the maleimide in 

neutral, aqueous solution, linking the two peptide s e g m e n t s ^ D u e  to difficulties 

experienced in the cyclisation step, various alternatives have been investigated in 

order to obtain a maleimide linker directly linked to the amino terminus of a peptide. 

All the cross-linking agents so far developed are based on maleimide N- 

functionalised with a carboxy acid moiety through different spacers, and linked, via 

an ester bond, to N-hydroxysuccinimide. The spacers used include acetic acid, 

propionic acid’^̂  and caproic acid"̂  ̂ (figure 2.14a). In 1976, K itagaw a^synthesized 

the MBS (wera-maleimidobenzoyl N-hydroxysuccinimide ester), as a very reactive 

maleimido linker (figure 2.14b). The reagent reacts in two ways: acylation o f amino 

groups via the active ester and through formation o f thioether bonds by addition of a
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thiol group to the double bond of the maleimide moiety. The first step proceeds with 

high yield and within a short time in THF at neutral pH and the second step in 

aqueous solution at neutral pH. Since then, other heterofunctional cross linking 

reagents have been used, such as succinimidyl-4-(N-maleimidomethyl)cyclohexane- 

1-carboxylate (SMCC)^^^, succynimidyl 4-(p-maleimidophenyl)butyrate (SMPD)’ ®̂ 

and N-succinimidyl 3-(2-pyridylthio)propionate (SPDP)^^’. Whatever the reagent 

used, this approach leads to chemically defined peptides.

(b)

(CH-)n— COO

n= 1 
n= 2 
n= 5

O— N

MBS

Figure 2.14(a) Acetic, propionic and caproic N-hydroxysuccinimide 
2.14(b) Structure of MBS

2.2.S.3 Chemical ligation between 2,3-di-O-alkyl threitol 22b and the epitope 30

Different approaches have been used, all based on the formation o f a thioether bond 

between 22b properly functionalized and the Epitope-Cys The cysteine was added 

to the C-terminus of the epitope; in this way, the main immunogenic site of the peptide, 

amino acids 145, 146, 147 (RGD sequence), was far away from the ligation site, as 

indicated by the above discussion. The first liganding approach tried was the 

bromoacetylic (the mechanisms involved are described in scheme 2.10(a)). The threitol 

22b was treated in 4:1 DMF-H2O solution with a big excess o f bromoacetylbromide. 

The reaction was performed in solution. Unfortunately, it was not successful and no di- 

bromoacetylated threitol was obtained. It was thought that the failure could have been 

due to the extremely high reactivity of the bromo derivative, probably resulting in side 

reactions that could not have been avoided. It was not possible to change the solvent 

conditions, since the threitol 22b is an extremely insoluble compound in almost all
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organic solvents. As an alternative, the chloroacetyl approach was tried. In this case, 

22b was treated with a big excess of chloroacetic anhydride in DMF. The reaction was 

successful after a short time and compound 32b  was obtained with enough purity to be 

used directly for the liganding with the Cys-Epitope. Liganding was performed in 

aqueous solution at pH 8 with a large excess o f the epitope in a nitrogen athmosphere. 

The reaction was unsuccessful. Mechanisms of the reaction are shown in scheme 

2.10(b).

HgN N K

\
O C.,0 O C^o

O

BrC— CHgBr

22b

Br
NH N

Br
Br

° c,„o oc,„ °

NH NH,

OC.|q

31b 3 1b '

S ch em e 2 .10(a) Liganding with bromoacetyl bromide
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Cl Cl
NH
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NH,
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33b

Epitope-S
NH

O

NH, Epitope-S

CioO OC,,

NHNH

°  c,„0 oc„ °

Cl
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Scheme 2.10(b) Liganding with chloroacetic anhydride

Ligation between threitol and the epitope was also attempted via maleimido thioethers. 

This was carried out in two ways: through reaction with maleic anhydride (scheme 

2.11(b)) and through reaction with MBS (scheme 2 .11(a)).

In the first case, 22b was treated with an excess of maleic anhydride; the reaction was 

very fast leading to the mono and the di-substituted compounds 34b’ and 34b. The 

compound 34b was pure enough to he treated directly with sodium acetate and acetic
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anhydride in order to allow the cyclization of the acid. The reaction proceeded in very 

dry conditions at high temperature^^^. Unfortunately, it was not possible to obtain the 

desired dicyclic compound 35b; the monocyclic 35b’ was the only product obtained. 

Alternative methods were tried in order to achieve the cyclization but they were 

unsuccessful. A mixture o f 35b’, 34b and 34b’ was treated directly with an excess of 

the epitope at pH 8 in aqueous solution. The reaction was successful and compounds 

36b, 36b’, 36b” and 36b’” were obtained. Compounds possessing only one epitope 

were obtained in bigger amounts, while the desired diepitope-substituted compound had 

a quite poor yield.

As an alternative approach, threitol 22b was also treated with MBS at pH 8. The 

reaction was very fast and the desired compound 37b was treated with the epitope in 

aqueous solution at pH 8. The desired final compound 38b could not be obtained.

HgN -NK

OC
\  

10

22b

O— N

Epitope

37b

Epitope-S

\  O
OĈ o OĈ o

S-Epitope

38b

S ch em e 2 .11 (a ) Liganding with MBS
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Scheme 2.11(b) Liganding with maleic anhydride
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2.2.S.4 Conclusions

Of the several ligation approaches, only one, the reaction with maleic anhydride, was 

completely successful. The approach using the bromoacetyl derivative did not give the 

expected di-bromoacetylated derivatives, probably due to the high reactivity o f the 

bromo, and due to the development of side reactions that prevented the progression of 

the expected one. The use of a less reactive compound, chloroacetic anhydride, gave the 

expected chloro acetyl intermediates, but the conjugation with the epitope did not give 

good results. The reaction was only tried in aqueous solution, so, as suggested from 

literature, the use of DMF and of an agent that could aid solubility of the compounds, 

could be successful.

Reaction with maleic anhydride did not give good yields o f the expected 36b but gave 

more o f the other possible conjugates. An explanation could be the fact that the -SH  

group can easily react with the double bond of the maleimidic group, but is less reactive 

towards the non-cyclised compounds. Cyclisation o f 34b and 34b’ was a difficult 

reaction that required extremely dry conditions. The complete cyclisation of the 

compounds was probably the key to have better final yields. Finally, in the approach 

with MBS it was possible to obtain the intermediate 37b but, probably due to the 

extreme reactivity of the benzoyl N-maleimido group, the compound was unstable and 

no conjugation to the epitope was observed.

2.3 Material, methods and experimental

2.3.1 Materials

Myo-inositol, (S,S)-(-)-l,4-Di-0-tosyl-2,3-0-isopropylidene-L-threitol, L-Arabitol and 

all the reagents used in solution synthesis were purchased from Aldrich (Milwaukee, 

WI). Phosphomolybdic acid hydrate was purchased from Fluka. NovaSyn TGA resin, 

MBHA resin, Fmoc-Lys(Fmoc)-OH, Boc-amino acids used to synthesise the epitope ^  

and all the reagents used for peptide solid phase synthesis were purchased from 

Novabiochem. All the solvents used for reactions and for chromatography were 

purchased from BDH. Silica gel (grade 60, 230-400 mesh) for column chromatography 

and precoated silica gel TLC plates (grade 60, F254) were purchased from Merck.
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2.3.2 M ethods

All moisture sensitive reactions were carried out under a nitrogen atmosphere using 

oven-dried glassware. Solvents were dried over standard drying agents and freshly 

distilled prior to use.

Reaction progress and the purity of final products was checked by thin layer 

chromatography (TLC) and high performance liquid chromatography (HPLC). TLC 

was carried on Kieselgel 60 F254; visualization was achieved by UV light, iodine 

atmosphere and by charring with phosphomolybdic acid reagent (phosphomolybdic acid 

10% in ethanol). Analytical HPLC was performed on a Shimadzu system comprising 

two LC-6A pumps, an SCL-6B controller and SIL-6B auto-injection system, an UV- 

VIS detector SPD-6A and an integrator recorder Chromatopac C-R6A. RP-HPLC 

columns used were a 25 x 4.6 mm Vydac C4 (Sum, 120A) and a Vydac Cg (25 x 4.6 

mm). Solvents and conditions used are indicated in the experimental section.

Purification was achieved by column chromatography and HPLC. Chromatography was 

carried out on silica gel 60, using the mobile phase indicated in the experimental 

section. Preparative RP-HPLC was carried out using a Waters 600E system controller 

with a Vydac Cg column (10 x 250 mm) using solvents indicated in the experimental 

section.

NMR spectra were recorded at room temperature for CDCI3 solutions, using TMS 

(tetramethylsilane) as internal standard. ^H NMR spectra were recorded using a Bruker 

AM 500 instrument operating at 500MHz and a Bruker AC 200 instrument operating at 

(50.3)MHz.

Mass spectra were obtained using a VG Analytical ZAB-SE instrument using Fast 

Atom Bombardment (FAB) techniques -20Kv Cs^ ion bombardment, with 2 pi of 

appropriate matrix, either 3-nitrobenzyl alcohol (MNOBA) or thioglycerol with Nal 

(MeOH) solution added where necessary to produce natriated species when no 

protonated molecular ions were observed. Alternatively, spectra were obtained using a 

Finnigan MassLab Navigator quadrupole mass spectometer, using electrospray 

ionization (N2 flow, 300 L/h; temperature, 180°C; cone voltage, 49V). Peptides were 

detected using a MALDI-TOF PE Biosystem Voyager-DERP by mixing 1 pi of the 

compound with 1 pi of the appropriate matrix and allowing the mixture to crystallize.
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Liquid chromatography coupled to electrospray mass spectrometry (LC-MS) was 

performed on a Finnigan Mat spectra system, model AS3000 using Vydac Cg and 

Vydac C4 columns (25 x 4.6 mm). Solvents and conditions used are indicated in the 

experimental section.

Gas chromatography coupled to mass spectrometry (GC-MS) was achieved on a 

Hewlett-Packard GC-MS, model 5890 series II. The column used for the gas 

chromatography was an SPB-1 (non polar- 100% dimethylpolysiloxane) and the mass 

spectra were acquired with an electron impact mass spectrometer. Separation was 

achieved by heating at an initial temperature o f 100°C and allowing the temperature to 

rise by 5°C every minute, until a final temperature of 300°C was reached, and kept for 

final 5 minutes.

Infrared characterization was realized by a Perkin Elmer 841 Infrared 

Spectrophotometer and by a Nicolet Avatar 360 FT-IR; the compounds were dissolved 

in CHCI3.

Purification o f compound 37b was realized by gel filtration on a gravity Sephadex GIO 

column (200 x 10mm) and detection was achieved by a UV/VIS spectrophotometer at 

220 and 280 nm with a Perkin-Ehner Lambda 5.

Characterization o f compounds 22b and 25 was realized by analytical RP-HPLC with a 

Shimadzu system composed by LC-lOAdvp pumps, SPD-MIDA diode array detector 

and a lOA fraction collector. It was used a Vydac C4 214 TP 104 column (25 x 4.6mm). 

Amino acid analysis was performed on a Beckman System 6300, elution with sodium 

salt, using a 250 x 4 column containing a polysulphonate resin for cationic exchange 

and a post-column detection by nynhydrine reaction.

Peptides were lyophilized using a Lyophilizer Vitris Freezemobile 12 EL.
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2.3.3 Experimental

(± )-l,2 -0 -(isopropylidene)-/«j;<?-inositol ^

10 g. o f myo-inositol (0.055 mol) was dissolved in dry dimethylsulfoxide (32 ml) and 

2,2-dimethoxypropane (8.5 ml, 0.069 mmol) and toluene-p-sulfonic acid monohydrate 

(50 mg) was added. The mixture was stirred at 110°C for =45' obtaining a clear 

solution. The solution was cooled at 20 °C, EtOH (20 ml) and ether (100ml) was added 

and stirring was continued for 2 hours more when triethylamine (1 ml) was added. The 

mixture was stirred for 4 hours and then left at room temperature overnight. The solid 

was filtered, washed with 21 ml of MeOH-ether 1:5 and with ether and dried. The solid 

was recrystallized from EtOH: compound 2a was soluble in hot EtOH, while myo

inositol was insoluble, thus, by filtration in hot EtOH we could separate 2 from the 

starting material.

4.1 g of ^  was obtained (yield 67%). Mp 182°-183°C as described in literature. The 

product was also characterized by ^H NMR (fig. 2.15), NMR (fig. 2.16), 2D-C0SY 

(fig.2.17), TLC and G.C.

TLC: Rfr=0.76 CHClg-MeOH 1:1

'H  NMR (DMSO-dô) ô 1.23 (s, 3H, CH3), ô 1.37 (s, 3H, CH3), ô 2.88 (m, IH, H-5), ô

3.3 (m, 2H, H-4 and H-6), ô 3.46 (m, IH, H-3), ô 3.7 (m, IH, H-1), ô 4.1 (m, IH, H-2), 

ô 4.65-4.8 (m, 4H, OH); "C  NMR (DMSO-de) ô 28.9 (CH3 isoprop.), ô 31.2 (CH3 

isoprop.), ô 74.3-83.3 (6CH, ring), ô 113.3 (C, isoprop.); GC-MS: peak at 15.85’; 

C9H 16O6 (220) m/z 221 [M+H]^, 206 [M-CHg]^

( ± )3,4,5,6-tetra-0-decanyl-l ,2-0-isopropylidene-/Myo-mositol 3 ; (± )3,5,6-tri-0-

decanyl-l,2-0-isopropylidene-/Myo-inositol 4a; (±)4,5,6-tri-0-decanyl-l,2-0-

isopropyIidene-/Mjo-inositoI 4b; (±)3,4,5-tri-0-decanyl-l,2-0-isopropylidene-/«yo- 

inositol 4c

1.5 g of 2a (6.8 mmol) was dissolved in 25 ml of dry DMF and 450 mg (15 mmol) of 

NaH 80% mineral oil was added at room temperature under argon atmosphere. After 1 

hour 450 mg more NaH was added. After 1 hour 6.2 ml of bromodecane (29.99 mmol) 

was added and the mixture was heated at 110°C overnight. Monitoring of the reaction
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showed the presence o f a mixture o f compounds plus starting material. The mixture was 

then filtered and the solvent evaporated.

The residue was dissolved in CHCI3, washed with water and dried over Na; SO4 , 

Purification was achieved by chromatography using various gradients of hexane-ether 

(table 2.1). Several fractions were collected and each was characterized by TLC, H 

NMR, '^C NMR, FAB-MS and I.R.

(±)3,4,5,6-tetra-0-decanyl-l,2-0-isopropylidene-»«j'o-inositol 3 (311 mg, 6%yield) 

Rf= 0.82 hexane-ether 6-4 (v/v); ‘HNMR (fig. 2.18) CDCI3 ô 0.85-0.88 (t, 12H, H-Ô), ô

1.25-1.32 (m, 56H, H-y), ô 1.34 (s, 3H, CH3), 6 1.52 (s, 3H, CH3), ô 1.55-1.59 (m, 8H, 

H-p), Ô 3.0 (t, IH, H-5), Ô 3.3 (dd, IH, H-6), ô 3.4 (dd, IH, H-3), ô 3.5 (t, IH, H-4), ô 

3.58-3.62 (m, 2H, H-a-5), ô 3.64-3.75 (m, 4H, H-a-6,3), ô 3.9 (m, 2H, H-a-4), ô 3.9 

(dd, IH, H-1), Ô 4.3 (dd, IH, H-2); "C  NMR (fig. 2.19) ô 14.14 (ÔCH3), ô 26.12 (CHj 

isoprop.), Ô 29.43 (CH3 isoprop.), ô 22.7-31.9 (CHj y-t-p), ô 71.8-73.6 (CHj a), ô 74.4-

83.01 (6CH ring), 6 109.6 (C isoprop.); FAB-MS (fig. 2.20) C49H96O6 (780) m/z (%) 

781 [M-t-H]*(14), 766 [M-CH3 isoprop.]*(100)

(±)3,5,6-tri-0-decanyl-l,2-0-isopropylidene-m>>o-inGsitol ^  (308 mg, 7% yield)

Rf= 0.73 hexane-ether 6-4 (v/v); 'HNMR (fig.2.21) CDCI3 ô 0.85-0.88 (t, 9H, H-Ô), ô

1.25-1.32 (m, 42H, H-y), ô 1.35 (s, 3H, CH3), ô 1.51 (s, 3H, CH3), ô 1.57-1.62 (m, 6H, 

H-P), Ô 2.69 (s, OH), Ô 3.35 (t, IH, H-5), ô 3.45 (m, 2H, H-a-5),ô 3.45-3.7 (m, 5H, H-6, 

H-4, H-3, H-a-4), ô 3.8 (m, 2H, H-a-3), ô 4.05 (dd, IH, H-1), ô 4.35 (dd, IH, H-2); "C  

NMR (fig. 2.22) CDCI3 ô 14.12 (ÔCH3), ô 26.0 (CH; isoprop.), ô 27.9 (CH; isoprop.), ô

22.7-31.9 (CH; y+p), ô 72.8-73.6 (CH; a), ô 74.2-83.0 (6CH ring), ô 109.5 (C 

isoprop.); FAB-MS C39H76O6 (640) m/z (%) 641 [M-tH]''(10), 626 [M-CH; 

isoprop.]*(15), 484 [M-CH; isoprop.- CioH;i]''(40)

{±)4,5,6-tri-0-decanyl-l,2-0-isopropy!idene-»«>’o-inositol ^  (30 mg; 0.7% yield)

Rf= 0.32 hexane-ether 6-4 (v/v); 'HNMR CDCI3 ô 0.86 (m, 9H, H-ô), ô 1.25 (m, 42H, 

H-y), ô 1.36 (s, 3H, CH3), ô 1.53 (s, 3H, CH3), ô 1.57-1.60 (m, 6H, H-P), ô 2.55 (IH, 

OH), Ô 2.9 (dd, IH, H-5), ô 3.40 (m, IH, H-6), ô 3.5 (m, IH, H-4), 5 3.55-3.65 (m, 4H, 

H-a-5,6), 63.74 (m, 2H, H-a-4), 6 3.8 (m, IH, H-3), ô 3.9 (dd, IH, H-1), ô 4.3 (m, IH, 

H-2);'"C NMR CDCI3 ô 14.13 (ÔCH3), ô 26.1 (CH; isoprop.), ô 27.9 (CH; isoprop.), ô

25.8-32.8 (CH; y4-p), ô 71.0-73.5 (CH; a), ô 74.1-82.8 (6CH ring), ô 109.7 (C
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isoprop.); FAB-MS C39H76O6 (640) m/z (%) 641 [M+H]^(10), 626 [M-CH3 

isoprop.]^(15), 484 [M-CH3 isoprop.- CioH2i]^(40)

(±)3,4,5-tri-0-decanyl-l,2-0-isopropylidene-/«jo-inositol 4c (285 mg; 6.5% yield) 

Rf= 0.65 hexane-ether 6-4 (v/v); ^HNMR CDCI3 ô 0.85 (m, 9H, H-ô), ô 1.24 (m, 42H, 

H-y), ô 1.35 (s, 3H, CH3), ô 1.54 (s, 3H, CH3), ô 1.56-1.59 (m, 6H, H-p), ô 2.55 (IH, 

OH), ô 3.0 (m, IH, H-5), ô 3.4-3.45 (m, 2H, H-4, H-3), ô 3.5 (m, IH, H-6) ô 3.55-3.68 

(m, 4H, H-a-3,4), ô 3.79-3.83 (m, 2H, H-a-5), ô 3.9 (m, IH, H-1), ô 4.3 (dd, IH, H-2);

NMR CDCI3 ô 14.14 (ÔCH3), ô 26.1 (CH3 isoprop.), ô 29.3 (CH3 isoprop.), ô 25.8- 

32.8 (CH2 Y+P), ô 71.6-74.1 (CH2 a), ô 76.4-82.0 (6CH ring), ô 110.0 (C isoprop.); 

FAB-MS C39H76O6 (640) m/z (%) 641 [M +H]\lO), 626 [M-CH3 isoprop.]^(15), 484 

[M-CH3 isoprop.- CioH2i]^(40)

(±)3,4,5,6-tetra-0-decanyl-/«j;o-inositol 5

230 mg of 3 was treated with 5 ml of a solution 9:1 MeOH- N HCl. The reaction was 

stirred under reflux for 2 hours and at room temperature overnight. The mixture was 

then cooled at 10°C and both starting and final materials crystallized. Separation of the 

two compounds was done by chromatography with hexane-ether 6:4. The final pure 

compound 5 (110 mg; 50%yield) was characterized by ^HNMR (fig. 2.23), NMR, 

MS-ES (fig. 2.24) and IR.

Rf= 0,2 hexane-ether 1-1 (v/v); ^HNMR (CDCI3) ô 0.86 (t, 12H, ÔCH3), ô l .20-1.25 (m, 

56H, YCH2), Ô 1.53-1.60 (m, 8H, PCH2), ô 2.14 (s, 2H, 20H), 5 3.04 (t, IH, H-5), ô 3.1 

(dd, IH, H-6), Ô 3.36 (dd, IH, H-3), 5 3.38 (t, IH, H-4), Ô 3.45-3.74 (m, 8H, aCH2), ô 

3.86 (m, IH, H -1), ô 4.16 (m, IH, H-2); NMR (CDCI3) ô 14.1 (ÔCH3), ô 22.8-31.9 

(CH2 Y+P), Ô 68.9-73.8 (CH2 a), Ô 73.9-83.3 (6CH ring); MS-ES C46H92O6 (741) m/z 

(%) 742 [M+H]^ (100), 602 [M- CioH2i]^(25), 1483 [2M]^ (20).

(±)l-0-mesyl-3,4,5,6-tetra-0-decanyI-/«jo-inositol 6

100 mg (0.135 mmol) of 5 was dissolved in 5 ml of dry CH2CI2. 10.32 pi (0.135 mmol) 

o f MsCl and 18 pi (0.135 mmol) of NEt3 were added at the solution. The mixture was 

stirred at 0°C for 40' and then 40' more at room temperature. After evaporation of the 

solvent, the residue was washed with 5N H2SO4 and with 5% NaHC03 and dried over 

Na2S04. Purification was performed by chromatography in hexane-ether 6:4 and 5:5. 43
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mg of final compound 6 were obtained. It was characterised by 'HNMR (fig. 2.25), MS- 

ES (fig. 2.26) and IR.

Rf= 0.53 hexane-ether 6:4 (v/v); yield 40%; ^HNMR (CDCI3) ô 0.88 (t, 12H, ÔCH3), 

Ô1.26 (m, 56H, yCHz), ô 1.55 (m, 8H, PCH2), ô 2.45 (s, IH, OH), ô 3.04 (t, IH, H-5), ô

3.09 (s, 3H, CH3 mesyl), ô 3.47 (m, IH, H-6), ô 3.52 (m, IH, H-3), ô 3.58 (m, IH, H-4), 

Ô 3.67-3.77 (m, 8H, ccCHz), ô 4.26(m, IH, H-1), Ô 4.30 (m, IH, H-2); MS-ES 

C47H94O8S (818) m/z (%) 819 [M+H]^ (30), 677 [M-CioH2i]^ (95), 661 [M-C10H21- 

CH3]  ̂(35)

(±)l-azido-3,4,5,6-tetra-0-decanyI-/«j<?-inositol 7

43 mg (0.052 mmol) of 6 was dissolved in 4 ml of DMF and then 4 mg (0.063 mmol) of 

NaN3 was added. The mixture was left at 115°C for 17 hours and then the DMF was 

evaporated. The residue was dissolved in CH2CI2 and washed with brine. After drying 

over Na2S04, the mixture was purified by chromatography in hexane- ethyl acetate 8:2 

and 7:3. 35 mg of final 7 was obtained. ^HNMR (fig. 2.27), LC-MS (fig. 2.28), and IR 

confirmed the presence of 7. This reaction was no longer reproducible. LC-MS was run 

with a Vydac C 4  column in 0.1% TFA in water (solvent A) and acetonitrile (solvent B). 

The gradient used was: time 0’ 70% A, time 3’ 70% A, time 15’ 20% A, time 17’ 20% 

A, time 20’ 50% A. Flow Iml/min.

Rf^ 0.89 hexane-ether 1:1 (v/v); yield 82%; 'HNMR (CDCI3) ô 0.87 (t, 12H, ÔCH3),

61.25 (m, 56H, yCHz), 6 1.57 (m, 8H, pCHz), 6 3.27 (m, IH, H-5), 6 3.37 (t, IH, H-4), 

6 3.54-3.77 (m, 8H, aCHj), 6 3.87 (m, IH, H-1), 6 3.92 (m, IH, H-6), 6 3.99 (m, IH, 

H-3), 6 4.04 (m, IH, H-2); LC-MS C46H91O5N3 (780) m/z (%) 752 [M-Nz]* (100), 595 

[M-N2-OC10H21]* (71).

(±)l-azido-2-0-acetyl-3,4,5,6-tetra-0-decanyI-/iij;<?-mositol 8

35 mg (0.04 mmol) o f 7 was dissolved in 30.6 p,l o f dry pyridine and 6.10 |il 

(0.064mmol) of AC2O were added. The mixture was left at room temperature over the 

weekend. After evaporation of the solvent the residue was dissolved in CHCI3 and 

washed with brine. Purification was done by chromatography in hexane-ether 8:2. No 

detection of compound 8 was observed.
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(±)4-0-mesyl-3,5,6-tri-0-decanyl-l,2-0-isopropylidene-/Mjf>-inositol 10a

300 mg (0.468mmol) o f 4a was dissolved in 12 ml of CH2CI2 and 46.8 pi of MsCl (0.61 

mmol) and 80pl of NEtg (0.6 mmol) were added at 0°C. The mixture was stirred for 30' 

at 0°C and for 30' more at room temperature. The mixture reaction was then washed 

with brine (2 times), 0.5M H2SO4 (2 times), brine again, 5% NaHCO] (2 times) and 

brine. After drying and evaporation of the solvent purification was realized by 

chromatography in hexane-ether 8-2. 144 mg of final pure 10a were obtained and 

characterized by NMR (fig. 2.29) and ^̂ C NMR (fig. 2.30).

Rf^ 0.6 hexane-ether 7:3; yield 43%; NMR (CDCI3) ô 0.87 (m, 9H, ÔCH3), 61.25 

(m, 42H, YCH2), 6 1.35 (s, 3H, CH3 isoprop.), 6 1.53 (s, 3H, CH3 isoprop.), 6 1.57 (m, 

6H, PCH2), 6 3.09 (s, 3H, CH3 mesyl), 6 3.52 (m, 2H, aCH2), 6 3.58 (m, IH, H-6), 6

3.61-3.70 (m, 4H, CCCH2), 6 3.74 (m, IH, H-3), 6 4.06 (m, IH, H-4), 6 4.45 (m, IH, H- 

1), 6 4.76 (m, IH, H-2); NMR (CDCI3) 6 22.85 (6CH3), 6 25.6 and 27.5(CH3 

isoprop.), 6 25.87-31.9 (CH2 y+P), 6 38.8 (CH3 mesyl), 6 68.9-83.3 (CH2 a + 6CH 

ring), 6 110.08 (C isoprop.).

(±)4-azido-3,5,6-tri-0-decanyl-l,2-0-isopropylidene /Mj<?-inositol 11a

120 mg of 10a (0.1768 mmol) were dissolved in 5 ml o f dry DMF and 35 mg (0.5306 

mmol) of NaN3 were added. The reaction was stirred at 50°C overnight. The day after 

TLC in hexane-ether 7:3 showed the presence of starting material and of a small amount 

of more polar compounds. The reaction was left under the same conditions for another 

day but nothing changed. The reaction was repeated using dry DMF and forcing the 

conditions but results were the same. No compound 11a was detected.

(±)4-0-triflyl-3,5,6-tri-0-decanyl-l,2-0-isopropylidene-/w>^o-mositol 13a

27 mg (0.042 mmol) o f compound ^  was dissolved in 0.25 ml o f dry CH2CI2 at 0°C. 

1.75 pi (0.04 mmol) o f dry pyridine was added, followed by the dropwise addition of

7.5 pi (4.4 mmol) of trifluoromethansulfonic anhydride. After stirring for 3 hours at 0°C 

(TLC showed the presence of a new compound with Rf= 0.8 in CHCI3), the solvent was 

evaporated and the residue was dissolved in EtOAc, washed with brine and dried over 

Na2S04. No more detection of compound with Rf= 0.8 was observed, probably due to 

its decomposition.
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(±)-l,2:4,5-di-0-(isopropyIidene)-/«jé?-inositol 7^

Method A

A mixture of ̂  (200 mg, 0.91 mmol), dry acetone (4 ml), 2,2-dimethoxypropane (1 ml, 

8.19 mmol) and toluene-p-sulfonic acid monohydrate (20 mg) was stirred at 50°C for 1 

hour.

NEt] (0.1 ml) was then added to the cooled solution, the solid was removed and 

NaHCO] was added at the filtrate. After evaporation of the solvent the residue was 

dissolved in CH2CI2 and salts extracted with water. After evaporation of the solvent and 

drying over Na2S04, purification of the residue (58 mg) was achieved by 

chromatography in various gradients of hexane-ether (1:1; 1.5:1; 2:1).

10 mg (4% yield) of 2a were obtained and characterized by NMR, NMR and 

GC-MS. Due to the low yield, method B was tried.

Method B

1 g o f  ̂  (4.545 mmol) was dissolved in 3.5 ml o f dry DMSO and 1.4 ml (0.011 mmol) 

o f 2,2 dimethoxypropane and p-toluenesulfonic acid (1 mg) were added. The mixture 

was stirred under reflux for 1 hour and, after cooling, EtOH and ether were added. After

2 hours stirring NEt] was added to neutralize the acid and the mixture was left overnight 

at room temperature.

The day after, the mixture was filtered to separate the unreacted starting material (330 

mg) from the final compound which was in solution with a small amount of 2^. The 

solvent was evaporated and the residue dissolved in cold EtOH: ^  was insoluble, while 

2b was soluble. After filtration, TLC of the solution showed the presence o f only one 

compound, but the R f was changed. ^H NMR and NMR showed that there was 

elimination, probably due to the heating used to evaporate the DMSO (more than 

120°C). This suggested the use of method 1 or method 2 with a higher vacuum in order 

to avoid high heating.

Rf= 0.3 ether; 'H  NMR (DMSO-dj) ô 1.33, 1.43, 1.47, 1.59 (4 s, 4 CH; isoprop.), Ô 

3.33 (m, IH, H-6), ô 3.46 (m, IH, H-3), ô 3.49 (dd, IH, H-5), ô 4.15 (m, 2H, H-1 and 

H-4), Ô 4.61 (H-2); "C  NMR (DMSO-d^) ô 25.73-28.08 (4 CH3 isoprop.), ô 73.91- 

80.13 (6 CH ring), ô 111.1 and 112.7 (2 C isoprop.); GC-MS peak at 15.28’; C12H20O6 

(260) m/z 261 [M+H]% 246 [M-CHs]^

129



Chapter two__________________Synthesis of new adjuvants and carriers for FMDV

(-)-l ,4-di-azide-2,3-0-isopropyliden-L-threitol 19b; 

(-)-l-azido-4-0-tosyl-2,3-0-isopropyIiden-L-threitoI 19a

5g. (0.0106 mol.) o f (S,S)-(-)-l,4 di-0-tosyl-2,3-0-isopropyliden-L-threitol was 

dissolved in 50 ml o f dry DMF and 4.134 g. (0.0637 mol) of NaN] was added. The 

mixture was left stirring overnight under reflux at 50°C and was monitored by TLC in 

hexane-EtOAc 7:3. The day after TLC showed there was mainly 19b and only traces of 

19a. After evaporation of the solvent, the residue was dissolved in CH2CI2 and washed 

with brine. The organic phase was then dried over Na2S04 and evaporated. The residue 

weighed 3 g.

The presence of 19b was confirmed by NMR, FAB-MS and IR. They also showed 

19a and no starting material left, so we decided to go to the next step without any 

further purification.

(-)-l,4-di-azido-L-threitol 20b

2.25 g. o f compound 19b (plus traces of 19a) was dissolved in 34 ml. of methanol and

3.4 ml of conc. H2SO4 were gradually added. The mixture was stirred under reflux for 1 

hour and then neutralized with a saturated solution of NaHCOa. After evaporation of the 

solvent, the residue was dissolved in ethyl acetate, washed with brine and dried over 

Na2S04. TLC in hexane-ethyl acetate 65:35 showed the presence of 20b and traces of 

the unprotected mono-azide. Chromatography in hexane-ethyl acetate (7:3 and then 

65:35) gave 1.39 g. o f pure 20b with a yield of 76%. Pure 19b (105 mg) and 19a (177 

mg) were also recovered. NMR, MS (FAB) and IR confirmed the presence o f the 

diol 20b .

19b: Rf= 0.62 hexane-ethyl acetate 4:1 (v/v); NMR (fig. 2.31) CDCI3 ô 1.46 (s, 6 H, 

CH] a and b), ô 3.31-3.34 (d, 2 H, 4-CH2), ô 3.54-3.57 (d, 2 H, I-CH2), ô 4.05 (s, 2 H, 

2-CH + 3-CH); FAB-MS (fig. 2.32) C7H 12O2N6 (212) m/z (%) 213 [M+H]^ (17), 197 

[M-CH]]^ (100), 185 [M-N2]^ (15), 169 [M-N2-CH]]^ (15), 137 [M-isoprop.]^ (50).

19a: Rf= 0.32 hexane-ethyl acetate 4-1 (v/v); NMR (CDCI3) ô 1.34 (s, 3 H, CH3 

isoprop.), Ô 1.41 (s, 3 H, CH3 isoprop.), ô 2.45 (s, 3 H, CH3 tosyl), ô 3.28-3.31 (d, IH, 

CH2N3), Ô 3.52-3.56 (d, 1 H, CH2N3), ô 4.01-4.06 (m, 2 H, 2 CH), Ô 4.12-4.13 (m, 2 H, 

CH2-tosyl), Ô 7.35-7.36 (d, 2 H, arom.), ô 7.78-7.80 (d, 2 H, arom.); MS-ES 

C14H 19O5N3S (341) m/z (%) 364 [M+Na]^ (100)
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20b: Rf= 0.59 hexane-ethyl acetate 1-1 (v/v); 'H  NMR (CDCI3) ô 2.15 (s, 2 H, 2 OH), 5 

3.45-3.47 (d, 4 H, 2 CH2N3), ô 3.73-3.79 (m, 2 H, 2 CH); FAB-MS C ^ O z N s  (172) 

m/z (%) 195 [M-t-Na]+ (100), 173 [M-i-H]'" (55).

(-)-l,4-di-azido-2,3-0-di-decanyl-L-threitol 21b

700 mg (4.07 mmol) o f diazide 20b was dissolved in 7 ml of a mixture 4:1 toluen- 

DMSO. 456 mg (8.14 mmol) of KOH powder and 1.6 ml (8.14 mmol) of bromodecane 

were added and the mixture was stirred at 90°C for 3 hours. The mix was then filtered 

with a buchner funnel, neutralized with a saturated solution o f NH 4 CI and washed with 

brine. The organic phase was dried over Na2S04 and, after evaporation, the residue 

weighed 1.04 g. The mixture was purified by chromatography in hexane-acetone 9:1; 

1.15g of pure 21b was recovered and it was characterised by NMR (fig. 2.33) and 

FAB-MS (fig. 2.34).

Rf= 0.7 hexane-ethyl acetate 8.5:1.5; yield 64%; NMR (CDCI3) ô 0.85-0.90 (m, 6 H, 

ÔCH3), Ô 1.22-1.26 (m, 28 H, yCHz), ô 1.55-1.60 (m, 4 H, PCH2), ô 3.32-3.46 (m, 4 H,

I-CH2 + 4-CH2), Ô 3.46-3.56 (m, 4 H, aCH2), ô 3.63-3.81 (m, 2 H, 2-CH and 3-CH); 

FAB-MS C24H48O2N6 (452) m/z (%) 453 [M+H]^ (10), 427 [M-2N2+Na]^ (100), 287 

[M-CioH2i]^ (60), 326 [M-CioH2i+K]^ (50).

(-)-l,4-di-amino-2,3-0-di-decanyl-L-threitol 22b

600 mg (1.32 mmol) of 21b was dissolved in 10 ml of dry THF. 232 mg o f the catalyst 

Pd/C and 300 mg (7.9 mmol) of NaBH4 were added. Then 25 ml o f methanol was added 

drop by drop and the mixture was stirred at room temperature for 4 hours. After 

filtration, the solvent was evaporated and the residue diluted with water and neutralized 

with N HCl. At pH 7.5 a white precipitate was observed. Filtration showed the 

precipitate to be pure 22b. 583 mg o f pure 22b were obtained and it was characterised 

by 'H  NMR (fig.2.35), FAB-MS (fig.2.36), IR and HPLC (fig. 2,37). RP-HPLC was run 

using a Vydac C4 in 0.1% TFA in water (solvent A) and acetonitrile (solvent B). The 

gradient used was: time 0’ 65% A, time 3; 65% A, time 20’ 5% A, time 35’ 5% A, time 

45’ 65% A.

Rf= 0.24 chloroform-methanol 1.3:0.7 (v/v); yield 97%; 'H  NMR (CDCI3) ô 0.86-0.88 

(m, 6 H, ÔCH3), Ô 1.25-1.29 (m, 28 H, yCHj), ô 1.53-1.57 (m, 4 H, pCHa), ô 2.77-2.80
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and 2.95-2.97 (2 x dd, 2 x 2 H, I-CH2 and 4-CH2), ô 3.46-3.49 (m, 2 H, 2-CH and 3- 

CH), Ô 3.51-3.54 (m, 4 H, aCHi); MS-ES C24H52O2N2 (400) m/z (%) 401 [M+H]^ 

(100); RP-HPLC R t= 5 .5’.

1.5-di-O-tosyl-L-arabitol 23

3g. (0.02 mol) of L-Arabitol was dissolved in 15 ml of dry DMF and 1.7 ml (0.022 mol) 

of mesyl chloride and 2.9 ml (0.022 mol) of triethylamine were added. The mixture was 

stirred for 1 hour at 0°C and for 1 hour at room temperature. DMF was evaporated and 

the residue was dissolved in CHCI3. A preliminary purification of the mixture was 

effected by chromatography on silica gel, using CHCls-MeOH 1:1 as eluent. It was not 

possible to obtain completely pure ^  but one of the collected fractions (1.89 g.) was 

pure enough to continue with the next step. FAB-MS confirmed the presence of 23, ^H 

NMR showed the presence of impurities.

Rf= 0.8 chloroform-methanol 1:1 (v/v); yield -30% ; ^H NMR (DMSO-dô) ô 2.85 (s, 3

H, CH] mesyl), ô 3.00 (s, 3 H, CH3 mesyl), ô 3.6-4.5 (m, 3 H, 3 x CH arabitol), ô 4.83- 

4.85 (m, 4 H, 2 X CH2 arabitol); FAB-MS C7H 16O9S2 (308) m/z (%) 309 [M+H]^ (25), 

331 [M+Na]^ (60), 313 [M-H20+Na]^ (35), 353 [M-mesyl+Na]^ (45).

1.5-di-azido-L-arabitol ^

I.89 g. (6.13 mmol) of ̂  was diluted in few ml. o f dry DMF and 2.4 g. (36 mmol) of 

sodium azide was added. The mixture was stirred under reflux for 6 hours. After 

filtration to eliminate the excess of salts, the solvent was evaporated. The residue 

weighed 1.09 g. TLC and FAB-MS confirmed the presence o f 24, but ^H NMR showed 

the presence of impurities. The mixture was used for the next step without any 

purification.

Rf= 0.15 chloroform-methanol 3-1 (v/v); yield - 88%; FAB-MS C5H 10O3N6 (202) m/z 

(%) 203 [M+H]^ (15), 198 [M-N2+Na]^ (20), 175 [M-N2]^ (100), 157 [M-N2-H20]^ 

(40).

l,5"di-azido-2,3,4-tri-0-decanyl-L-arabitol 25

1.09 g. (5.4 mmol) of ^  were dissolved in 15 ml o f toluene-DMSO 4:1. 2.2 g. (40 

mmol) of KOH powder and 4.2 ml. (21 mmol) of bromodecane were added. The
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mixture was stirred overnight at room temperature. After evaporation of the solvent, the 

residue was dissolved in CHCI3 , washed with brine (3 times) and dried over Na2S04. 

The residue obtained weighed 7 g. and was purified by several chromatographic 

columns on silica gel (table 2.2a) and by RP-HPLC (table 2.2b). 200 mg of ^  were 

obtained and it was characterised by NMR, FAB-MS (fig. 2.38) and RP-HPLC (fig. 

2.39). The column used was a Vydac C4 , the solvents were acetonitrile (solvent B) and 

0.1% TFA in water (solvent A); the gradient was: time 0’ 30% B, time 20’ 100% B, 

time 25’ 100% B, time 35’ 30% B, flow Iml/min.

Rf= 0.7 hexane-ether 9:1 (v/v); yield 6%; 'H  NMR (CDCI3) ô 1.03 (m, 9 H, ÔCH3), 6 

1.44 (m, 42 H, yCHz), ô 1.69 (m, 6 H, PCH2), ô 3.32- 3.9 (m, 13 H, I-CH2 and 5-CH2, 

2,3,4-CH, aCH2>; FAB-MS C35H70O3N6 (623) m/z (%) 624 [M+H]* (10), 596 [M- 

N 2+HJ+ (33), 569 [M-2N2+H]+ (35), 383 [M-CioH2r C 3H7-C4H,-t-H]" (35), 354 [M- 

C10H21-C3H7-C6H 13+H]* (85), 297 [M-2 CioH2i-C3H7+H]+ (67); RP-HPLC Rt= 18.65’.

l,5-di-amino-2,3,4-tri-0-decanyl-L-arabitol 26

200 mg (0.32 mmol) o f 25 was dissolved in 15 ml of dry THF. Following the addition 

of 72 mg (1.9 mmol) of sodium borohydride and of catalytic amounts of Pd/C (30 mg), 

10 ml o f methanol was added dropwise. The mixture was stirred at room temperature 

for 3 hours and the solvent evaporated. The residue was dissolved in water and the pH 

adjusted to 7.5 with N HCl. Compound 2^ was then extracted with CHCI3. IR 

confirmed the conversion of 25 into the amine 2^. No further characterization was 

possible due to the accidental loss of the entire compound so far synthesized.

Rf= 0.4 chloroform-methanol 1.3:0.7; IR 3500-3300 cm'^ NH2 st., 1550 cm’  ̂ NH2 ô, 

2850 cm ' OCH2 St., 1100 cm ' C-O-C st. as., 2900 cm '' CH st., 1400 cm ' CH3 ô as. + 

CH2 Ô, 1500 cm ' ô s i.

(NH2)4-(Lys)2-Lys-OH 28 

- Activation of the resin

2.08g (0.5mmol) of the resin (NovaSyn TGA 0.24mM/g) was placed in a funnel with 

the necessary amount of dry DMF to cover and swell it for 30 min. A solution of 2.95g 

(5mmol) o f Fmoc-Lys(Fmoc)-OH in a mixture of dry DCM and dry DMF was 

prepared. 391 p.1 (2.5 mmol) o f the coupling agent DCC was dissolved in dry DCM and
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this solution was poured into the solution containing Fmoc-Lys(Fmoc)-OH and stirred 

at 0°C for 20 min under moisture-ffee conditions (CaCl2 tube). The DCM was then 

evaporated and the residue was dissolved in dry DMF and poured into the funnel with 

the resin. A solution o f DMAP (6.1 mg, O.OSmmol) in dry DMF was poured into the 

same funnel and it was left shaking for 2 hours at room temperature. The resin was then 

washed with DMF and with a mixture DCM-MeOH and dried under vacuum. An UV 

test at 290nm using 3 samples of the resin in DMF+ 20% piperidine was carried out in 

order to obtain an estimate of the first residue attachment.

UV-test Three samples, each containing 10 mg o f resin loaded with Fmoc-Lys(Fmoc)- 

OH dissolved in 3ml of a solution DMF-20% piperidine, were placed in three different 

UV cells. A blank was also prepared, using only the solvent DMF-20% piperidine. 

Absorbances of the three samples were detected and, by applying the equation reported 

in Chapter 2.2.3.2, an Fmoc loading= 0.021 mmol/g was reported.

- Deprotection

A solution of DMF-20% piperidine was poured into the vessel and left shaking for half 

an hour. After drying and washing, a little amount o f the resin was used to check the 

amount of free amino groups with the ninhydrine test (Kaiser test). The test revealed the 

presence of a small amount of free amino groups.

- Liganding

1.1 g (2.9 mmol) o f HATU was added to a solution o f 1.77g (3mmol) of Fmoc- 

Lys(Fmoc)-OH in DMF. The mixture was poured into the vessel and, few minutes after, 

some drops o f DIEA were added. The vessel was left shaking for one hour and then the 

resin was dried and washed.

- Deprotection

H alf of the vessel was covered with a solution o f DMF-20% piperidine and shaken for 

half an hour. The resin was then washed and dried.
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- Cleavage

The resin was mixed with a solution of 95% TFA and shaken for 2 hours. The filtrate 

was collected, evaporated to a small volume and cold ether was added to the solution: 

the peptide precipitated and it was recovered by filtration.

Only 20 mg of the theoretical 150 mg was obtained, so it was decided to use solution 

synthesis of the peptide.

Lys-[Na-Lys(Boc)-Ne-Lys(Boc)]OH ^  

- Conversion of BocLys-(Boc) DCHA into the free acid

800 mg of BocLys-(Boc)-DCHA was suspended in a separating funnel with 6 ml of 

ethyl acetate. 2 ml o f ice cold 2M H2SO4 was added and ever}dhing was shaken until 

complete dissolution. After removing the top layer of ethyl acetate, 3 more ml of water 

was added to the acidic solution and the water was washed 2 times each with 6 ml of 

ethyl acetate. All the ethyl acetate washings were then combined, dried over Na2S04, 

and kept overnight in a desiccator over KOH.

-Coupling

117 mg (0.5mmol) of Lys-2HC1, 370 mg (1.1 mmol) of BocLys-(Boc)-COOH and 176 

mg (1.3 mmol) o f HOBt were dissolved in a mixture 1:1 o f THF-DMF. 227 jA (1.3 

mmol) of DIEA and 268 mg (1.3 mmol) of DCC were added and the mixture was 

stirred in an ice bath for one hour and for one hour and a half more at room temperature. 

After evaporation of the solvents, the residue was dissolved in CHCI3 and the solution 

was filtered with a buchner funnel to eliminate the DCU. The organic phase was then 

washed with a saturated solution of NaHCOg, then with a 10% citric acid solution, 

NaHCOg saturated solution again and water. After drying over Na2S04, the solvent was 

evaporated and the residue weighed 762 mg. Characterization by TLC, ^H NMR and 

LC-MS revealed that the compound had a purity of 80%, so no purification was 

considered necessary.

- Hydrolysis of the ester

762 mg of the ester was dissolved in 11 ml of MeOH and 6 ml o f N NaOH was added. 

The mixture was kept stirred at room temperature for 3V2 hours. The mix was then
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acidified at pH 5-6 with N HCl and the MeOH was evaporated. The acid 29 was then 

extracted with ethyl acetate and, after evaporation, the residue weighed 338 mg. After 

purification by chromatography on silica gel (chloroform-methanol 9:1), 218 mg of 

pure 29 were obtained and it was characterised by ^H NMR (fig. 2.40) and LC-MS (fig. 

2.41). The column used was a Vydac C4 and the mobile phase was 0.1% formic acid in 

water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The gradient was: 

time 0’ 65% A, time 3’ 65% A, time 25’ 5% A, time 35’ 5% A, time 45’ 65% A, time 

50’ 65% A; flow 0.5ml/min.

Rf= 0.34 chloroform-methanol 9:1; yield 52% (from both final steps); ^H NMR (CDCI3) 

Ô 1.30-1.45 (m, 6 H, yCHi), ô 1.44 (s, 36 H, Hoc), ô 1.45-1.70 (m, 6 H, ÔCH2), ô 1.70-

1.90 (m, 6 H, PCH2), Ô 3.0 (t, 6 H, eCH2), ô 4.00-4.70 (bs, 3 H, aCH); LC-MS Rt= 17’; 

C36H73O12N6 (802) m/z (%) 825 [M+Na]^ (70), 703 [M-Boc+H]^ (45), 603 [M- 

2Boc+H]^ (35), 503 [M-3Boc+H]^ (53), 403 [M-4Boc+H]^ (100).

Acetyl-Tyr-Thr-AIa-Ser-Ala-Arg-GIy-Asp-Leu-Ala-His-Leu-Thr-Thr-Thr-His- 

Ala-Arg-His-Leu-Pro-Cys-Amide 30

The Ac-A21-Cys was synthesised by manual Boc/Bzl chemistry. An MB HA resin (0.7 

mmol/g) was employed. The following protected Boc-amino acids were used: Arg(Tos), 

Asp(OcHex), Cys(Meb), Ser(Bzl), His(Dnp) and Thr(Bzl). The coupling agent 

employed was TBTU. The reagents were dissolved in the minimum amount of DMF 

and, once coupling time was over and washing steps performed (steps 1 and 7), a 

ninhydrin assay was performed. When the assay was negative, chain elongation 

proceeded to the incorporation of the following amino acid residue, starting with the 

removal of the Boc group (step 2 and the following). When the assay was positive, a 

recoupling cycle was performed (step 5 and the following). Acétylation was performed 

to block the terminal amino group (steps 7-9) and deprotection of His side chain was 

performed (steps 9-11). Cleavage was effected with anhydrous fluoridric acid (HF) and 

p-cresol (9-1) for 1 hour at 0°C. After washing with anhydrous diethyl ether, the peptide 

30 was resuspended in 10% acetic acid and lyophilised. The whole procedure is 

reported in table 2.4.

Purification was performed by preparative RP-HPLC using a Vydac C4 column (10 x 

250 mm). The solvent system was 0.1% TFA in water (A) and 0.1% TFA in acetonitrile
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(B), gradient 10=>-35% B in 50 min, 3 mL/min. Appropriate fractions were pooled and 

lyophilised. Purity was checked by MALDI-TOF (fig. 2.42), HPLC (fig. 2.43) and 

amino acid analysis (fig. 2.44)

Table 2.4 Procedure used to synthesise the epitope 30

Step Reagent Treatment Time/min

1 DCM Wash 3 x 1

2 40%TFA/DCM Deblock 1 X 1

3 40%TFA/DCM Deblock 1 x 20

4 DCM Wash 6 x 1

5 DMF Wash 3 x 1

6 Boc-AA-OH/TBTU/DIEA (3-3- 
9), in situ neutralization

Coupling 30-60

7 DMF Wash 6 x 1

8 AC2O/DIEA 1-1 in DMF Acétylation 1 X 15

9 DMF Wash 6 x 1

10 Thiophenol/DIEA/DMF (3-3-4) Thiolysis 5 X 60

11 DMF Wash 6 x 1

12 DCM Wash 3 X 1

MALDI-TOF m/z (%) 2435 [M+H]^ (100); HPLC Rt= 18.69; Amino acid analysis 21- 

peptide: D 0.99, T 3.61, S 1.07, P 0.97, G 1.00, A 4.13, L 2.92, Y 1.03, H 2.93, R 2.03.

2-bromo-N-{4-[(bromoacetyI)amino]-2,3-didecanoxybutyI}acetamide 31b; N-(4-

amino-2,3-didecanoxybutyl)-2-bromoacetamide 31b’

10 mg (0.025 mmol) o f di-amino threitol 22b was dissolved in 5 ml of a mixture DMF- 

H2O 4:1 and the pH was regulated at 8 with N NaOH. After adding 13 /̂ 1 (0.15 mmol) 

of bromoacetyl bromide, the mixture was stirred at room temperature for 36 hours. The 

reaction was monitored by RP-HPLC, injecting 100 fA o f solution and eluting by a 

Vydac C 4  with 0.045% TFA in H2O (A) and 0.036% TFA in CH3CN (B). The gradient 

used was 5 =>95% B in 30 min, flow Iml/min. Only one new peak was detected and, by
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collecting the fraction corresponding to it and analysing it (MALDI-TOF), it turned out 

to be compound 31b’. No detection of compound 31b was observed. Also, detection by 

TLC was not possible, due to the extreme complexity of the mixture.

31b’ MALDI-TOF (fig. 2.45) CzgHgsOsNzBr (521) m/z (%) 521 [M]^ (95), 545 

[M+Na]^ (15), 559 [M+K]^ (10).

2-chloro-N-{4-[(chloroacetyl)amino]-2,3-didecanoxybutyi}acetamide 32b; N-(4-

amino-2,3-didecanoxybutyl)-2-chloroacetamide 32b’

14 mg (0.035 mmol) of di-amino-threitol 22b was dissolved in 6 ml of dry DMF and 

30mg (0.175 mmol) of chloroacetyl anhydride were added. The mixture was stirred at 

room temperature and the reaction monitored by RP-HPLC using a Vydac C4 and 

0.045% TFA in H2O (A) and 0.036% TFA in CH3CN (B). The gradient used was 

5=»95% B in 35 min, flow ImFmin. After one hour, the reaction was stopped and the 

mixture lyophilised. The residue was dissolved in CH2CI2 and washed with water. 

HPLC and MALDI-TOF showed the presence o f 32b in high purity, so no purification 

was performed and the mixture used directly for the next step. No detection of 32b’ was 

observed.

32b MALDI-TOF (fig. 2.46) C28H54O4N2CI2 (553) m/z (%) 554 [M-t-H]* (10), 576 

[M+Na]" (100), 592 [M+K]+ (25); HPLC (fig. 2.47) Rt= 36.33’.

N-(2,3-didecanoxy-4-{[(Cys-Pro-Leu-His-Arg-AIa-His-Thr-Thr-Thr-Leu-His-Ala- 

Leu-Asp-Gly-Arg-Ala-Ser-Ala-Thr-Tyr)acetyl] amino} butyl)-2-(Cys-Pro-Leu-His- 

Arg-Ala-His-Thr-Thr-Thr-Leu-His-Ala-Leu-Asp-GIy-Arg-AIa-Ser-AIa-Thr- 

Tyr)acetamide 33b

0.2 mg (3.6 10"̂  mmol) o f 32b was dissolved in lOmM phosphate buffer at pH8 and 5.2 

mg (2.17 10'^ mmol) of the epitope ^  was added, (2.5 mg added immediately and 2.7 

mg after 3 hours). The mixture was stirred at room temperature under nitrogen 

atmosphere for 36 hours. The reaction was monitored by RP-HPLC using a Vydac C4 

and 0.045% TFA in H2O (A) and 0.036% TFA in CH3CN (B) as eluents. The gradient 

used was 5 =>95% B in 35 min, flow ImFmin. No detection o f 33b or any conjugated 

compound was observed.
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(2E)-4-({4-[(3-carboxyacryloyl)amino]-2,3-didecanoxy}amino)4-oxobut-2-enoie 

acid 34b; (2E)-4-[(4-amino-2,3-didecanoxybutyl)amino]-4-oxobut-2-enoic acid 34b’

20 mg (0.05 mmol) of di-amino threitol 22b was dissolved in 10 ml of THF and 10.8 

mg (0.11 mmol) o f maleic anhydride was added. The mixture was stirred at room 

temperature for an hour and a half and was monitored by RP-HPLC using a Vydac C4 

and 0.045% TFA in H2O (A) and 0.036% TFA in CH 3CN (B) as eluents. The gradient 

used was 5=>95% B in 30 min, flow Iml/min. MALDI-TOF of the fractions collected 

from the HPLC showed the presence of 34b and 34b’ and a good purity of the two 

compounds. The mixture weighed 58 mg and it was directly used for the next step.

34b: Rf= 0.36 chloroform-methanol-ammonia 8:2:0.2 (v/v); ^H NMR (fig. 2.48) CDCI3 

Ô 0.86-0.88 (t, 6 H, ÔCH3), ô 1.21-1.29 (m, 28 H, yCHz), ô 1.57 (m, 4 H, PCH2), 63.33- 

3.36 (m, 2 H, CH2NH2), 6 3.47-3.50 (m, 2 H, CH2NH2), 6 3.57-3.60 (m, 2H, 2 and 3- 

CH), 6 3.93 (m, 2 H, aCH2), 6 4.11 (m, 2 H, CCCH2), 6 6.20-6.23 (dd, 2 H, bCH), 6 

6.37-6.40 (dd, 2 H, aCH), 6 7.22 (s, H, CONH), 6 7.27 (s, H, CONH); MS-ES (fig. 

2.49) C32H56O8N2 (596) m/z (%) 597 [M+H]^ (80), 619 [M+Na]^ (100), 579 [M- 

H20+H]^(28), 455 [M-CioH2i+H]^ (28); RP-HPLC (fig. 2.50) Rt= 30.84’.

34b’: Rf= 0.41 chloroform-methanol-ammonia 8:2:0.2 (v/v); ^H NMR (CDCI3) 6  0.86- 

0.88 (t, 6 H, ÔCH3), 6 1.21-1.24 (m, 28 H, YCH2), 6 1.57 (m, 4 H, PCH2), 6 3.48-3.49 

(m, 2 H, 4-CH2), 6 3.50-3.51 (m, 2 H, I-CH2), 6 3.52-3.55 (m, 2 H, 2-CH and 3-CH), 6

3.62-3.89 (m, 4 H, aCUj), 6 6.17-6.20 (d, H, bCH), 6 6.39 (d, H, aCH), 7.25 (s, H, 

CONH); MALDI-TOF C28H54O5N2 (499) m/z (%) 500 [M+H]^ (100), 522 [M+Na]^ 

(35), 538 [M+K]^ (20); HPLC Rt= 28’.

l-[2,3-didecanoxy-4-(2,5-dioxo-2,5-dihydro-lH-pyrrol-l-yl)butyl]-lH-pyrrole-2,5- 

dione 35b; (2E)-4-{[4-(2,5-dioxo-2,5-dihydro-lH-pyrrol-l-yl)-2,3- 

didecanoxybutyl]amino}-4-oxo-but-2-enoic acid 35b’; l-(4-amino-2,3- 

didecanoxybutyl)-lH-pyrrole-2,5-dione 35b”

Method A

40 mg (0.07 mmol) of the mixture containing both 34h and 34b’ was placed in a dry 

flask and mixed with 55 mg (1.3 mmol) o f very dry sodium acetate. 6.3 ml (67 mmol) 

o f acetic anhydride was added dropwise. The mixture was stirred at 75°C for 10 min 

and then cooled at room temperature. MALDI-TOF of the mixture revealed the

139



Chapter two_________________  Synthesis of new adjuvants and carriers for FMDV

presence o f only compound 35b’; no detection of 35b and 35b” was observed. 

Purification of the mixture was performed by preparative RP-HPLC using a Vydac Cg 

column (10 x 250 mm) and 0.1% TFA in H2O (A) and CH3CN (B) as eluents. The 

gradient used was 25=>85% B in 120 min.

35b’: Rf= 0.53 chloroform-methanol-ammonia 8:2:0.2 (v/v); MALDI-TOF C32H54O7N2 

(579) m/z (%) 580 [M+H]^ (100); HPLC Rt= 32’ (gradient, 5 -9 5 %  B in 35’).

Method B

116 mg (0.25 mmol) of the mixture containing both 34b and 34b’ were dissolved in dry 

DMF and 233 mg (0.5 mmol) of bromo-tris-pyrrolidino-phosphonium 

hexaflurophosphate (PyBroP) and 6 mg (0.5 mmol) of 4-dimethylaminopyridine DMAP 

were added. The mixture was stirred under nitrogen for 24 hours. MALDI-TOF of the 

mixture revealed the presence of only compound 35b’; no detection o f 35b and 35b” 

was observed. Purification of the mixture was performed by preparative RP-HPLC 

using a Vydac Cg column (10 x 250 mm) and 0.1% TFA in H2O (A) and CH3CN (B) as 

eluents. The gradient used was 25=>85% B in 120 min. Compounds recovered from the 

purification were used only for characterization, the mixture o f 34b , 34b’ and 35b was 

considered enough pure to be used for the next step.

4-({2,3-dideeanoxy-4-[3-(Cys-Pro-Leu-His-Arg-Ala-His-Thr-Thr-Thr-Leu-His-

Ala-Leu-Asp-GIy-Arg-AIa-Ser-AIa-Thr-Tyr)-2,5-dioxopyrrolidin-l-

yl]butyl}ammo)-4-oxobut-2-enoic acid 36b;

4-[(4-{[3-carboxy-2-(Cys-Pro-Leu-His-Arg-Ala-His-Thr-Thr-Thr-Leu-His-Ala-

Leu-Asp-GIy-Arg-Ala-Ser-AIa-Thr-Tyr)-propanoyl]ammo}-2,3-

didecanoxybutyl)amino]-4-oxo-3-(Cys-Pro-Leu-His-Arg-Ala-His-Thr-Thr-Thr-

Leu-His-Ala-Leu-Asp-Gly-Arg-AIa-Ser-Ala-Thr-Tyr)-butanoic acid 36b’;

4-[(4-{[3-carboxy-2-(Cys-PrO“Leu-His-Arg-Ala-His-Thr-Thr-Thr-Leu-His-Ala-

Leu-Asp-GIy-Arg-Ala-Ser-Ala-Thr-Tyr)-propanoyl]ammo}-2,3"

didecanoxybutyl)amino]-4-oxobut-2-enoic acid 36b”;

4-[(4-amino-2,3 didecanoxybutyl)amino]-3-(Cys-Pro-Leu-His-Arg“AIa-His-Thr- 

Thr-Thr-Leu-His-AIa-Leu-Asp-Gly-Arg-Ala-Ser-Ala-Thr-Tyr)-4-oxobutanoic acid 

36b’”
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0.183 mg (3.08 10“̂  mmol) of the mixture 34b , 34b’ and 35b were dissolved in 2ml of 

buffer lOmM Tris HCl at pH 8 and 3 mg (1.23 10'^ mmol) of N-terminal non-acetylated 

epitope were added. Epitope was added in two portions, the first 1.5 mg added 

immediately, and the second 1.5 mg after 4 hours. The mixture was stirred at room 

temperature and under nitrogen atmosphere for 30 hours. The reaction was monitored 

by RP-HPLC using a Vydac C4 and 0.045% TFA in H2O (A) and 0.036% TFA in 

CH3CN (B) as eluents. The gradient used was 5=^95% B in 30 min, flow Iml/min. 

MALDI-TOF of the mixture also showed the presence of 36b, 36b’, 36b” and 36b’” . 

Yields of the reaction were low and it was possible to detect only compound 36b” by 

analysing fractions collected by RP-HPLC.

36b, 36b’, 36b” and 36b’” : MALDI-TOF (fig. 2.51) m/z (%) 2398 (non-acetyl epitope, 

M.W.2392) (25), 2877 (36b’” ) (55), 2979 (36b) (100), 2996 (36b”) (80), 5370 (36b’) 

(10); HPLC (fig. 2.52) 3 ^  and 36b’” Rt= 21.45% 22.70% 23.20%

N-(4-amino-2,3-didecanoxy-4-{2[4(2,5-dioxo-2,5-dihydro-lH-pyrrol-l- 

yl)ph enyl] acetyl}-b utyI)-2- [3-(2,5-dioxo-2,5-dihydro-l H-pyrrol-1 - 

yl)phenyl]acetamide 37b

3 mg (7.5 10'^ mmol) of di-amino threitol 22b was dissolved in 100 lA of lOmM buffer 

Tris HCl at pH8 and a solution of 4.7 mg (0.015 mmol) of MBS in 470 in DMF was 

added. The reaction was stirred at room temperature one hour. The excess of reactive 

MBS was eliminated by passage through a Sephadex GIO column using phospate buffer 

(pH 6) to elute and collecting 1 ml for each fraction. Dectection by UV at 220 and 280 

nm (fig. 2.55) revealed the fractions containing MBS and MALDI-TOF of each fraction 

revealed the presence o f the desired 37b. Fraction containing 37b was immediately used 

for the next step, being the compound extremely unstable.

MALDI-TOF (fig. 2.53) C46H62O8N4 (800) m/z (%) 822 [M+Na]^ (100), 840 [M+K]"" 

(80).
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N-(4-amino-2,3-didecanoxy-4-{2{4[3-(Cys-Pro-Leu-His-Arg-Ala-His-Thr-Thr-Thr- 

Leu-His-Ala-Leu-Asp-Gly-Arg-Ala-Ser-Ala-Thr-Tyr)](2,5-dioxo-2,5-dihydro-lH- 

pyrroIidin-l-yl)phenyl}acetyl}-butyl)-2-{3-[3-(Cys-Pro-Leu-His-Arg-AJa-His-Thr- 

Thr-Thr-Leu-His-Ala-Leu-Asp-Gly-Arg-AIa-Ser-Ala-Thr-Tyr)]-2,5-dioxo-2,5- 

dihydro-lH-pyrrolidin-l-yl)phenyl]}acetamide 38b

20 lA o f the solution containing 37b was diluted to 200 /̂ 1 with Tris HCl buffer (pH 8) 

and 5.2 mg (2.2 10'^ mmol) of epitope was gradually added, the first 2.5 mg added 

immediately and the last 2.7 mg after 4 hours. The mixture was stirred at room 

temperature and under nitrogen atmosphere for 6 hours. The reaction was monitored by 

RP-HPLC using a Vydac C4 and 0.045% TFA in H2O (A) and 0.036% TFA in CH3CN 

(B) as eluents. The gradient used was 5=>95% B in 30 min, flow ImPmin. Neither 

HPLC, nor MALDI-TOF of the collected fractions, showed the formation of the final 

38b.

2.4 Description of spectra

^H NMR of the lipophilic adjuvants and of all the lipophilic intermediates shows a 

similar pattern in all the spectra. All the lipophilic chains are ten carbons long and they 

are normally displayed in 4 sets of peaks. Starting from lower ô, the first set normally 

accounts for the ÔCH3, being at ô around 0.8. The second set of peaks normally 

integrates for 14 H and accounts for the 7 yCH] o f the chain. It normally falls around 

Ô1.2. The third set of peaks normally integrates for 2 H and accounts for the PCH2, 

being at higher ô (around 1.5) due to the closeness o f the oxygen atom of the ether 

bond. Finally, the last set o f peaks accounts for the 0CCH2, being next to the 

electronegative oxygen and having ô around 3.5.

Each ^^C spectrum displays three different sections. The bottom section is a 

spectrum acquired in broadband decoupling mode, thus all the C and the H spins are 

decoupled and each carbon appear as a single peak. The middle section displayed is a 

distortionless enhancement hy polarization transfer (DEPT) spectrum. In this 

decoupling experiment the width o f the 6 pulse equals 90° and thus the maximum 

polarisation is transferred to the CH singlets, leaving the magnetization at zero to CH3 

and CH2 singlets. In this way only the CH singlets appear in the spectrum. The top
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section displays a different kind of DEPT. In this decoupling experiment the width of 

the 6 pulse equals 135° and the CH3 and CH peaks will appear in a positive phase, 

whilst CH2 peaks will appear in a negative phase. The different experiments used 

allowed distinction between primary, secondary and tertiary carbons, making the peak 

assignment more straightforward.
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(:t)-l,2-0 -isopropylidene-/w>’<7-inositoi ^
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Fig. 2.15 NMR of (±)-l,2-0-isopropylidene-myo-inositol 2a
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Interpretation of the structure ^

H
3

J  OH

O H
8 h 5H 6

H 

OH
H4 

2 a

Structure 2a was interpreted by the simultaneous use o f ^H, and 2D-C0SY spectra. 

Spectrum 2.17 NMR) clearly shows the methyl groups of the isopropylidene at ô

28.9 and 31.2, being the only tertiary carbons present. At ô between 74.3 and 83.3 

appear the six signals corresponding to the CH of the wyo-inositol ring and at ô 113.3 

there is the signal corresponding to the quaternary carbon o f the isopropylidene 

protection. In the NMR the first peaks at ô 1.23 and 1.37 correspond to the 2 CH] 

groups (3H + 3H) of the isopropylidene, each being a singlet. 2D-C0SY also shows the 

two peaks uncoupled to the rest of the molecule. Excluding the peaks of DMSO and 

water (ô 2.49 and 3.29), the four peaks at ô 4.65-4.80 integrate for four protons and 

correspond to the four OHs of the molecule. This is also confirmed by the 2D-C0SY in 

which the four peaks couple to the four protons of the four CH groups of the myo

inositol ring. The peak at ô 2.88 corresponds to the H-5 o f the myo-inositol ring. It 

appears as a multiplet and, in the 2D-C0SY, it is coupled to an OH group and to the 

peak at Ô 3.3. This last peak, unlike the others, integrates for 2 protons and corresponds 

to the H-4 and H-6 of the myo-inositol ring. The two H signals cannot be distinguished, 

as they appear together as a multiplet either in ^H NMR, or in the 2D-C0SY. In the 

latter, H-4 and H-6 are clearly coupled to the H-5, to the 20H  groups and to the peaks at 

Ô 3.46 and 3.7. The peak at ô 3.46 is a multiplet, integrates for one H and corresponds to 

H-3 o f the ring, while the peak at Ô 3.7 corresponds to the H-I o f the ring. Finally, the 

peak at ô 4.1 corresponds at H-2 o f the ring, having a higher ô than H-1 due to its 

unique equatorial position. 2D-C0SY clearly confirms these assignments with H-1 

being coupled to H-6, H-2 and one OH and H-2 coupled to H-1, H-3 and an OH.
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(* )3,4,5,6-tetra-0-decanyl-l ,2-0-isopropylidene-m>o-inositol 3
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Fig. 2.18 NMR of (±)3,4,5,6-tetra-0-decanyl-l,2-0-isopropylidene-myo-inositol 3
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Interpretation of the spectra of 3

Structure 3 was interpreted following the general rules followed for compound 2a. In 

this case, in the 'H NMR spectrum, no significant variation in chemical shift was 

observed following to the introduction of the four alkyl chains, but changes in the shape 

of the peaks are more evident. At lower ô values the peak corresponding to the ÔCH3 of 

the alkyl chains is observed. The peak integrates for 12 H. The same CH3 is observed at 

Ô 14.1 in the spectrum. The signal corresponding to the 7 CH2S (y methylene) of the 

alkyl chains is observed as a complex multiplet at ô 1.3, the peak integrating for 52 H. 

The methylene groups (y+P) are observed in the spectrum as 8 peaks at ô between 

22 and 31. In the same region of the spectrum (ô 1.34 and 1.52) there are two 

singlets corresponding to the two CH3 groups of the isopropylidene group, each peak 

integrating for 3 H. These peaks appear at ô 26.1 and 29.4 in the spectrum, being 

positive peaks in the top DEPT experiment. The set of pCH] is visible in the 

spectrum as a multiplet peak integrating for 8 H at ô 1.58. In the area between ô 3 and 

4.8 there are the signals corresponding to the 6 CH ring protons and the 4 OCH2 in 

position a. The pattern is similar to the one observed for compound At ô 3 the triplet 

refers to the H-5 proton of the ring, H-4 and H-6 being very similar. The peak at ô 3.3 

was assigned to H-6 and the one at ô 3.4 to H-3. This is mainly due to the fact that the 

peaks corresponding to H-6 and H-3 are clear double doublets, as confirmed by the two 

different H (1 and 5 and 2 and 4) around them. The peak at ô 3.51 was assigned on H-4 

of the ring, being a triplet (position 3 and 5 are quite similar) and peaks at ô 3.9 and 4.7 

to H-1 and H-2. The same CH signals are observed in the spectrum at ô between 74 

and 83. The four peaks corresponding to the OCH2 were assigned at ô 3.57, 3.63 and
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3.70, they all appear as multiplets and they integrate, respectively, for 2H, 4H and 2H. 

On this basis and for similarity with the CH protons, they were assigned as the OCH2 at 

position 4, the two OCH2 groups at positions 6 and 3 respectively and to OCH2 groups 

at position 5. The same OCH2 appears as four distinct peaks at ô between 71 and 73 in 

the spectrum.

The mass spectrum of compound 3 reveals a molecular peak plus one (780) and the 

peak corresponding to the molecule minus a methyl group from the isopropylidene 

(766) as the most abundant.
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(=)3,5,6-tri-Odecanyl-l,2-0-isopropyiidene-/«>’o-inositol ^
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Interpretation of the spectra of 4a

NMR and NMR of compound 4a are very similar to the spectra of compound 3. 

The principle difference is the lack of an alkyl chain at position 4 of the ring and is clear 

in both spectra. In the spectrum this is evident from the presence of only three peaks 

corresponding to the three aCB.2 at ô 72.79 and 73.46 and 73.66. The rest of the 

spectrum is identical to that of compound 3, showing the ÔCH3 at ô 14.1, the 

isopropylidene CH3 at ô 26.0 and 27.9, the CH of the inositol ring at ô between 74.2 and 

83.0 and the quaternary carbon at ô 109.5. In the NMR spectrum the peak 

corresponding to the OH is clearly visible at ô 2.7. The peak corresponding to the H-5 

still appears as a triplet at ô 3.35. The rest o f the spectrum was interpreted on the basis 

of integrations: ÔCH3 at ô 0.85 (9H integration), yCH] at ô 1.25-1.33 (42H integration), 

the two isopropylidene CH3 groups at 61.33 and 1.51. Also, a multiplet at 6 3.4 

represents the aCH] of the H-5 (2H integration), and then a series of multiplets appears. 

They fall between 5 3.5 and 3.7 and integrate for IH, IH and 3H representing H-6, H-3, 

and H-4 respectively plus the aCB.2 in position 6. More distinct are the peaks at 6 3.8 

(aCHz of the H-3; 2H integration), at 6 4.05 (H-1; IH integration) and at 6 4.35 (H-2; 

IH integration). The peak corresponding to the ocCHz of H-3 is expected at a higher 6 

than the other methylene group due to its close proximity to the hree OH in position 4.
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(±)3,4,5,6-tetra-0-decanyi-/«j^;-inositol 5
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Fig. 2.24 MS-ES of (±)3,4,5,6-tetra-0-decanyl-wjyo-inositol 5
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In terp reta tio n  o f  the sp ectra  o f  5

OH OH

Interpretation of the NMR spectrum of 5 was based on the shape of the peaks, 

showing, as previously reported, only slight differences in chemical shift when 

compared to protected compound 4. The peak at lower ô (0.87) corresponds to the ÔCH3 

groups and integrates for 12H. Then the usual pattern is observed: at ô 1.25 the 

multiplet corresponds to the yCH] and integrates for 56H and the peak at ô 1.53-1.60 is 

another multiplet which integrates for the 8 PCH]. The signal corresponding to the OH 

appears at ô 2.14. The triplet at ô 3.04 corresponds to the H-5 as shown in the previous 

spectrum of compound 3, while the peak at ô 3.1 is a clear double doublet and was 

assigned to the H-6, the surrounding protons 1 and 5 being well differentiated and with 

H-1 being an axial proton led to lower chemical shifts. For the same reasons, the very 

similar double doublet at ô 3.36 was assigned to H-3 and the triplet at ô 3.4 to the H-4. 

All these peaks integrate for 1 H each. The area between ô 3.4 and 3.7 integrates for 8 H 

and is a multiplet representing the 4 aCH] groups. Finally, the mutiplet at ô 3.86 

corresponds to H-1 and the one at ô 4.16 to the H-2. ES-MS of 5 has the molecular peak 

(740) as main peak (100% m/z). It also shows the peak corresponding to the compound 

with a loss of an alkyl chain (600) and the peak corresponding to the dimeric 5 (1480).
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( + )l-0-mesyl-3,4,5,6-tetra-0-decanyl-/wjf?-inosito[ 6
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la

Fig. 2.26 MS-ES of (±)l-0-mesyl-3,4,5,6-tetra-0-decanyl-m_yo-inositol 6
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Interpretation of the spectra of 6

The NMR spectrum of compound 6 is very similar to that of the diol 5. In this case it 

is possible to notice the effect of a mesyl group on the chemical shift of the protons 

involved. The pattern of the alkyl chain is the same as usual: ô 0.88 ÔCH3 (12 H), Ô 1.26 

yCHz (56 H), ô 1.55 PCH2 (8 H), ô 2.45 OH. At ô 3.04 there is the triplet corresponding 

to the H-5 and the singlet at ô 3.09 corresponds to the CH3 o f the mesylic group, with 

integration of 3 H. At ô 3.47 there is a muliplet integrating for 1 H and is likely to 

represent the H-4. Position 4 is not influenced by the electronegative group at position 

1. The multiplet at ô 3.52 might be associated to H-3 and the peak at ô 3.58 to H-6, 

being positions not influenced by the mesyl group, while H-6 would be shifted at 

higher ô due to its proximity to the mesyl. The peak corresponding to H-1 is represented 

as a multiplet at ô 4.26, being shifted to higher ô by the effect of the mesyl group. Also, 

the multiplet corresponding to H-2 is shown at higher ô with respect to the peak in the 

non-mesyl compound, this effect observed to a smaller extent in comparison to H-1. 

MS-ES of compound 6 shows the peak of the molecular weight at 818 and the peak at 

677 representing the compound with the loss o f an alkyl chain. The peak at 661 

corresponds to the loss of a further methyl from the compound with a molecular weight 

of 677.
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(±)l-azido-3,4,5,6-tetra-0-decanyI-/Myo-inositol 7
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Fig. 2.27 NMR o f (±)l-azido-3,4,5,6-tetra-0-decanyl-my6)-inositol 7
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Interpretation of the spectra of 7

OH H

The NMR spectrum of compound 7 shows some slight differences in comparison to 

the 1-0-mesyl compound 6. The major difference consists o f the compacting of the 

signals at higher ô, probably due to the substitution of the highly electronegative mesyl 

group with the more electropositive azide. Also, substitution of the mesyl with the azide 

brings inversion of configuration. Thus the proton at position 1 changes from axial to 

equatorial, bringing it and the protons coupled to it to higher ô. The pattern of the 

signals corresponding to the alkyl chains is as usual: ô 0.87 represents the ÔCH3 with 

integration for 12 H; ô 1.25 represents the yCHz and integrates for 56 H and Ô1.54-1.59 

represents the PCH2 and integrates for 8 H. In this spectrum, signals that can be 

explained only as impurities, are present at ô 1.44 and 1.77. In the second part o f the 

spectrum, at ô between 3.27 and 4.04, the assignment of the peaks was not easy and the 

only way to assign the peaks was to follow integrations and compare the signals to those 

shown for similar and known compounds. The first two peaks, at ô 3.27 and 3.36, 

integrate for 2 H and for 1 H respectively. The peak at ô 3.27 represents H-5, its 

chemical shift and shape not being modified in consequence o f the substitution o f the 

mesyl with the azide. The integration found is probably due to the presence o f some 

impurities. The peak at ô 3.36 was assigned to H-4, being a triplet for the similarity of 

the surrounding H-5 and H-3 and for its chemical similarity to H-5. The area between ô 

3.54 and 3.77 integrates for 8 H and represents the multiplet associated to the signal of 

the 4 aCH]. The multiplet at ô 3.8 integrates for 1 H and was assigned to H-1. We 

expected, in fact, a decrease in the ô due to the presence o f the less electronegative 

nitrogen in comparison to the oxygen. Also, we expected this effect to influence the
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chemical shift more significantly than the effect of the axial-equatorial change. 

Multiplet at ô 3.99 was assigned to H-3, being surrounded by H-1 and H-4, both bearing 

an oxygen, and the multiplet at ô 3.92 was assigned to H-6, being surrounded by H-1 

and H-5, bearing, respectively, a nitrogen and an oxygen. Finally, the peak at ô 4.04 

corresponds to H-2, having the higher ô as usual.

LC-MS shows a quite sharp single peak eluting at 8.59’. The mass (ES) spectrum of this 

fraction shows two main peaks: one corresponding to the molecular weight of the azide 

losing a nitrogen molecule (Mw. 752) and one corresponding to the same compound 

losing an OR chain (Mw. 595).
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(r )4 -0 -m e s y l-3 ,5 ,6 - tr i -0 -d e c a n y i- l ,2 -0 - is o p r o p y I id e n e -m > Y ;- in o s i to l  10a
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Fig. 2 .29  'H NMR of (±)4-0-mesyl-3,5,6-tri-0-decanyl-l,2-0-isopropylidene-m>’o- 

inositol 1 0 a
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I I

Fig 2 .30  '^C NMR o f (±)4-0-m esyl-3,5,6-tri-0-decanyl-l,2-0-isopropylidene-m>’o- 

inositol 10a

Interpretat ion  o f  the spectra  o f  I j ^

H 13 rcH

1 0a

As previously shown for compound 6 , the introduction o f  the strong electronegative 

mesyl group, shifts most of the signals towards higher ô. The pattern o f the alkyl chains 

does not change, being ÔCH3 at ô 0.87, yCH] at ô 1.25 (integration for 42 H) and pCHi
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at Ô 1.60 (integration for 6  H). Also, methyl groups o f  the protection appear as singlets 

at Ô 1.35 and 1.53, each peak integrating for 3 H. The signal corresponding to the CH3  

o f  the m esyl group appears as a singlet at ô 3.09. In this case, as previously reported, 

identification o f  the 3 OCH2 and o f  the 6  H rings was greatly helped by the integrations 

and the shape o f  the peaks. The peak at ô 3.2 was assigned as H-5, keeping its 

characteristic shape. In the area between ô 3.49 and 3.75 it is possible to identify three 

sets o f  peaks. The first set at ô 3.49-3.56 integrates for 2 H and was assigned to one o f  

the sets o f  aCH: protons, probably the one coupled to H-5; the second set lies at ô 3.57- 

3.61 and integrates for 1 H. This peak was attributed to H - 6  for its similar chemical shift 

with a similar peak found in the spectrum o f  compound 4a. The multiplet between ô 

3.63 and 3.70 integrates for 4 H and is associated to the two sets o f  protons to the left o f  

the aCH]. Immediately after this peak, the multiplet at ô 3.74 was associated to H-3, 

being shifted at higher ô for its proximity to the C bearing the m esyl group. For the 

same reason, the multiplet at ô 4.05 was assigned to H-4 and peaks at ô 4.45 and 4.78 at 

H-1 and H-2 respectively.

NM R shows the signal corresponding to the ÔCH3 at ô 22.85 and the signal 

corresponding to the CH3 group o f  the isopropylidene at ô 25.8 and 27.5. The peaks 

between ô 25.87 and 31.9 correspond to the P and yCH: group and the peak at ô 31.8 

corresponds to the CH3 o f  the m esyl group, being at higher ô due to the influence o f  the 

-SO 2 - group. The peaks that fall at ô between 70.4 and 82.01 represent the 3 aCH 2  

groups plus the 6  ring CH. Finally, the signal at ô 110.08 corresponds to the quaternary 

carbon o f  the isopropylidene group.
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(-)-l,4-di-azide-2,3-0-isopropyliden-L-threitol 19b

otegg
019^9'

lŸH93iNl

_ o
uD

Fig. 2.31 NMR of (-)-l,4-di-azide-2,3-0-isopropyliden-L-threitol 19b
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Interpretation of the spectra of 19b

1 4

N3 CH2 CHg— N
\  2 3 /
^CH— CH

S r ”
CH3  CH3

a b

In the NMR spectrum of compound 19b it is possible to assign peaks quite easily. 

The singlet at ô 1.34 integrates for 6 H and corresponds to the 2 CH3 groups (a and b) of 

the isopropylidene , the molecule being symmetrical and, thus, the six protons identical. 

The two doublets at ô 3.31 and 3.54 integrate for 2 H each and correspond to the 

protons at positions 1 and 4, being split in a doublet by the neighbouring protons in 

positions 2 and 3. Finally, the singlet at ô 4.05 integrates for 2 H and can be assigned to 

the CHs at positions 2 and 3, the protons at 1 and 4 being very similar and thus 

generating a singlet peak.

FAB-MS of 19b shows the molecular ion peak plus one proton at 213 (Mw. is 212) and, 

as the main peak, the one at 197 corresponding to the molecular weight minus one of 

the methyl groups of the isopropylidene (the same behaviour has been observed for all 

the isopropylidene-protected compounds). Minor peaks appear at 185 (19b losing a 

molecule o f nitrogen), at 169 (compound with Mw. o f 197 losing a molecule of 

nitrogen) and at 137 (19b losing the whole protecting group).
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(-)-l,4-di-azido-2,3-0-di-decanovl-L-threitol 21b

:t*0(

Fig. 2.33 ’H NMR of (-)-l,4-di-azido-2,3-0-di-decanoyl-L-threitol 21b
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Fig. 2.34 FAB-MS of (-)-l,4-di-azido-2,3-0-di-decanoyl-L-threitol 21b
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In terpretation  of the spectra of 21b

CH2— N3

The NMR spectrum of compound 21b shows a pattern similar to decanyl-inositol 

compounds. Starting from lower Ô, the multiplet at ô 0.85-0.90 integrates for 6 H and 

corresponds to the 2 ÔCH3 groups. As usual, the next peak found (ô 1.22-1.26) is a 

multiplet integrating for 28 H and corresponds to the 7 yCH] groups (14 x 2 protons). 

Following that, at ô 1.55-1.60 there is the multiplet corresponding to the PCH2 

integrating for 4 H (2 x 2 protons). The spectrum is then very crowded in the region at ô 

3.32-3.83, but by following the integration it is possible to distinguish different sets of 

peaks. The area at ô 3.32-3.46 integrates for 4 H and corresponds to the CH2 group at 

positions 1 and 4, while at ô 3.46-3.56 there are the 2 aCH2 groups o f the alkyl chain, 

being at higher ô due to the presence of the electronegative oxygens. Then, as shown in 

previous spectra, at ô 3.63-3.81 there are the peaks corresponding to the CH groups at 

positions 2 and 3. Integrations match with the assignments.

FAB-MS shows the molecular peak plus one proton at 533 m/z, while the main peak is 

the one corresponding to compound 21b losing two molecules o f nitrogen and charged 

with sodium (peak at 427). Compound 21b losing an alkyl chain is also present at 287 

m/z.
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(-)-l,4-di-amino-2,3-0-di-decanoyl-L-threitoI 22b

Hdd

Fig. 2.35 NMR of (-)-l,4-di-amino-2,3-0-di-decanoyl-L-threitol 22b
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- .0 0 - ,

Fig. 2.36 MS-ES of (-)-l,4-di-amino-2,3-0-di-decanoyl-L-threitol 22b

m 40 »15 25 300 5 10

Fig. 2.37 RP-HPLC of (-)-l,4-di-am ino-2,3-0-di-decanoyl-L-threitol 22b
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Interpretation of the spectra of 22b

CH,— NH_

The NMR spectrum of 22b is quite similar to that o f compound 21b. The typical 

pattern of the alkyl chain is maintained, showing the signal corresponding to the ÔCH3 

at Ô 0.86-0.88, the peak integrating for 6 protons. Following this, a multiplet at ô 1.25- 

1.29 integrates for 28 H and corresponds to the 7 yCH2 groups o f the alkyl chain, and 

the multiplet at ô 1.53-1.57 integrates for 4 H and corresponds to the PCH2 of the alkyl 

chain, being shifted at higher ô for their closeness to the oxygens o f the threitol. The 

two double doublets observed at ô 2.77-2.80 and at ô 2.95-2.97 each integrate for 2 H 

and were assigned to the CH2S at positions 1 and 4. Each group, in fact, is next to the 

less electronegative nitrogen and this explains their value o f ô. Also, the proton of each 

group is split by the neighboring H (positions 2 and 3) in a doublet, and this explains the 

appearance of the double doublet. Going to higher ô, the multiplet at ô 3.46-3.54 can be 

divided into two sets: the first set falls at ô 3.46-3.49 and, integrating for 2 H, was 

assigned as the CH in positions 2 and 3, being at higher ô due to the neighboring 

oxygens. The triplet at ô 3.51-3.54 was assigned as the aCH2, integrating for 4 H. Each 

aCH2 group, in fact, falls at higher ô for the presence o f the oxygen and is split in a 

triplet by the PCH2.

MS-ES shows the molecular weight plus one proton (401 m/z) as main and only peak. 

RP-HPLC was also run and shows the presence of only one peak with Rt= 5.5’. This 

value of Rt was obtained with a gradient of 80% of acetonitrile and 20% of 0.1% TEA 

in water.
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l,5-di-azido-2,3,4-tri-0-decanyi-L-arabitol 25
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Fig. 2.38 FAB-MS of l,5-di-azido-2,3,4-tri-0-decanyl-L-arabitol 25
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Fig. 2.39 RP-HPLC of l,5-di-azido-2,3,4-tri-0-decanyl-L-arabitol ^

In terpretat ion  o f  the spectra  o f  2̂

2 C H — O

/

In fig. 2.39 the RP-HPLC of compound is shown. The main peak has a Rt of 18.65’ 

and corresponds to a gradient of 90% acetonitrile and 10% water with 0.1%TFA. A 

Vydac C4 column has been used for the separation. FAB-MS suggested the collected 

main peak to be compound The peak corresponding to the molecular weight plus 

one proton is shown at 624 m/z, while the peak corresponding to compound ^  losing a

177



Chapter two_________________Synthesis of new adjuvants and carriers for FMDV

molecule of nitrogen is found at 596 m/z. The fragment corresponding to molecule 25 

losing two molecules of nitrogen has a peak at 569 m/z, while the peak at 383 m/z 

corresponds to 25 gradually losing the alkyl chains. In this case there is the loss of an 

alkyl chain (Mw. 141), of a C3H 7 from a chain (Mw. 43) and of a C4H 9 from a second 

chain (Mw. 57). Similar are the peaks at 354 and 297 m/z. The first one corresponds to 

compound ^  losing an alkyl chain, a fragment of Mw. 85 (CôHn) and a fragment of 

Mw. 43 (C3H 7); the second one corresponds to the loss of two chains C 10H 21 (Mw. 141) 

and o f a C 3H 7 fragment.
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Lys-[Na-Lys(Boc)-Ne-Lys(Boc)]OH 29

_ o

:z7

Fig. 2.40 'H NMR of Lys-[Na-Lys(Boc)-N€-Lys(Boc)]OH 29
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Fig. 2.41 LC-MS of Lys-[Na-Lys(Boc)-Ne-Lys(Boc)]OH 29
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Interpretation of the spectra of ̂

yCHa
O C  CH

HO 1
NH

NH,

CH

O

CH3 I CH. 
" CH.

The resolution of the NMR spectrum was very poor probably due to aggregation of 

the molecules, thus not giving a good distinction between the peaks. In this case it was 

very helpful compare the spectrum with the ô values normally found for lysine as a non

terminal residue in peptides. These values are: aCH ô 4.36, PCH2 ô 1.75 and 1.87, 

yCH] Ô 1.47, ÔCH2 Ô1.71, eCH2 ô 3.02. Considering these values, the first set of peaks 

in the spectrum (ô between 1.30 and 1.91) covers an area of about 54 H. This is what 

should be expected, considering that the 18 p, y, ô-H plus the 36 H belonging to the 

Boc groups, fall here. Moving to higher ô values, the peak at 3.0 integrates for 6 H and 

corresponds to the ECH2 protons. Finally, the area extending from ô 3.0 to ô 6.5 shows 

a series of broad singlets which belong to the aCH2 and to the various NH groups. 

LC-MS of compound 73 shows a series o f peaks having Rt~ 17’. MS of each single 

peak showed that they all correspond to the same compound, so they are all enantiomers 

o f compound 23.  Considering that the starting material was L-lysine, we have to 

conclude that it was probably not stereochemically pure. Fig. 2.41 shows the MS of one 

of the enantiomeric peaks. The peak corresponding to the molecular weight of the
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compound plus sodium is shown at 825 m/z, while the other peaks were found 

correspond to compound ^  gradually losing the Boc group. The peak at 703 m/z is the 

weight of the trilysine losing a molecule of Boc, the peak at 603 m/z corresponds to the 

lack of two Boc groups, the peak at 503 m/z to the lack o f three Boc groups, and the 

main peak of the spectrum is at 403 m/z and corresponds to the loss of four Boc groups.
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Acetyl-Tyr-Thr-Ala-Ser-AIa-Arg-GIy-Asp-Leu-Ala-His-Leu-Thr-Thr-Thr-His- 

Ala-Arg-His-Leu-Pro-Cys-Amide ^

|.

s s

Fig. 2.42 MALDI-TOF of Acetyl-Tyr-Thr-Ala-Ser-Ala-Arg-Gly-Asp-Leu-Ala-His-Leu- 

Thr-Thr-Thr-His-Ala-Arg-His-Leu-Pro-Cys-Amide 30
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Fig. 2.43 HPLC of Acetyl-Tyr-Thr-Ala-Ser-Ala-Arg-Gly-Asp-Leu-Ala-His-Leu-Thr- 

Thr-Tlir-His-Ala-Arg-His-Leu-Pro-Cys-Amide 30

On the left, the crude of reaction; on the right, the epitope after purification.
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Fig. 2.44 AA analysis o f Acetyl-Tyr-Thr-Ala-Ser-Ala-Arg-Gly-Asp-Leu-Ala-His-Leu- 

Thr-Thr-Thr-His-Ala-Arg-His-Leu-Pro-Cys-Amide ^
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Interpretation of the data of peptide ^

After purification, HPLC of peptide ^  shows the presence o f only one peak at 18.69’ 

and it corresponds to a gradient of 33% of 0.036% TFA in acetonitrile and 67% of 

0.045% TFA in water. MALDI-TOF of the purified material shows as main peak the 

one corresponding to the molecular weight of the acetyl peptide (2434 m/z).

Amino acid analysis was run following previous hydrolysis o f the peptide in 6N HCl in 

sealed evacuated tubes for 20 hrs at 110°C. It gave the following results:

Table 2.5 Amino acid analysis of the epitope 30

Residues Measured 
quantities/ nmols

Theorical n" of 
residues

Experimentally 
measured n® of 
residues

Asp 1.906 1 0.99 *

Thr 6.919 4 3.61

Ser 2.061 1 1.07

Pro 1.865 1 0.97

Gly 1.913 1 1.00 *

Ala 7.924 4 4.13 *

Leu 5.608 3 2.92 *

Tyr 1.976 1 1.03

His 5.619 3 2.93 *

Arg 3.888 2 2.03 *

The average molar quantity for one residue was 1.918 nmols/residue (this was 

calculated basing on the amino acids marked with *).
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N-(4-amino-2,3-cIidecanoxybutyl)-2-bromoacetamide 31b’

s
Aisuajui %

Fig. 2.45 MALDI-TOF of N-(4-amino-2,3-didecanoxybutyl)-2-bromoacetamide 31b’
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2 -ch lo ro -N -{4 - [ (ch lo ro a ce ty l)a m in o |-2 ,3 -d id eca n o x y b u ty l}a ce ta m ic le  32b

Fig. 2 .46  MALDI-TOF o f 2-chloro-N-14-[(chIoroacetyl)amino]-2,3- 

didecanoxybutyljacetamide 32b

1

V I

Fig. 2 .47 HPLC o f 2-chIoro-N- {4-[(chloroacetyI)amino]-2,3- 

didecanoxybutyijacetamide 32b
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(2E)-4-({4-[(3-carboxyacry!oyi)amino]-2,3-didecanoxy}amino)4-oxobut-2-enoic 

acid 34b
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Fig. 2.48 'H  NMR of (2E)-4-({4-[(3-carboxyacryloyl)amino]-2,3-didecanoxy}amino)4- 

oxobut-2-enoic acid 34b
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Fig. 2.49 MS-ES o f (2E)-4-({4-[(3-carboxyacryloyl)amino]-2,3-didecanoxy}amino)4- 

oxobut-2-enoic acid 34b

o
C-.,f

Fig. 2.50 HPLC o f (2E)-4-({4-[(3-carboxyacryloyl)amino]-2,3-didecanoxy}amino)4- 

oxobut-2-enoic acid 34b
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In terp reta tion  o f  th e sp ectra  o f  34b

N— CH

The NMR spectrum of compound 34b  shows the usual pattern o f the decanyl chain 

already seen in several previous spectra. At ô 0.86-0.88 there is the usual triplet 

integrating for 6 H corresponding to the ÔCH3, while at ô 1.21-1.29 there is the 

multiplet integrating for 28 H and representing the 7+7 yCH]. Moving further, there is 

the multiplet corresponding to the 1+1 pCH] and integrating for 4 H. As seen for the 

threitol derivative 22b , the first peak is the one corresponding to the CH2S at positions 1 

and 4. They appear at lower values ô (3.33 and 3.47) due to the proximity o f the less 

electronegative nitrogen. Also, they appear as multiplets each integrating for 2 H. The 

multiplet at ô 3.57 integrates for 2 H and, for comparison with the spectrum of 2 2 b , was 

assigned as the CH at positions 2 and 3. Also, the multiplets at ô 3.93 and 4.11 integrate 

each for 2 H and correspond to the 2 aCH2. At higher ô (6.20 and 6.37) two doublets 

(or, probably, a double doublet) appear, each integrating for 2 H and corresponding to 

the 2 a and b CH (aCH is at higher ô due to the presence o f the more electronegative 

carboxylic acid). Mixed with the peak of CHCI3 there are the peaks corresponding to the 

CONH groups.

ES- MS shows the molecular weight of 34b  plus sodium as the main peak and the peak 

of the protonated compound as the second main peak. Also, compound 34b  losing a 

molecule of water and losing an alkyl chain, appear at 579 and 455 m/z, respectively. 

HPLC showed a peak with Rt= 30.84’ and corresponds to a gradient of 95% 

acetonitrile and 5% 0.1% TFA in water.
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4-({2,3-didecanoxy-4-[3-{Epitope)-2,5-dioxopyrrolidin-l-yIlbutyi}amino)-4-oxobut- 

2-enoic acid 36b;

4-[(4-{l3-carboxy-2-(Epitope)-propanoyl]amino}-2,3-didecanoxybutyl)amino]-4- 

oxo-3-(Epitope)-butanoic acid 36b’;

4-[(4-{[3-carboxy-2-(Epitope)-propanoyl]amino}-2,3-didecanoxybutyl)amino]-4- 

oxobut-2-enoic acid 36b” ;

4-[(4-amino-2,3 didecanoxybutyl)aniino]-3-(Epitope)-4-oxobutanoic acid 36b” ’

A ||s u a ) u | %

Eig. 2.51 MALDI-TOF of the mixture 36b’, 36b” and 36b’”
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Fig 2.52 HPLC o f the mixture o f reaction 34b, 3 4 b \  35b’ + non-acetyl epitope. The 

marked peak is compound 36b” .

Interpretation of figure 2.51 and of figure 2.52

Due to the small amount o f material, it was not possible to obtain a good separation of  

compounds 36b-36b” ’, so the HPLC and the MALDI-TOF o f  the mixture o f reaction 

34b, 34b’, 35b’ + non-acetyl epitope is reported.

In figure 2.52 the HPLC is reported. This HPLC represents the mixture after 22 hours o f  

reaction and was run using a Vydac C4 with the usual gradient 5=»95% B in 35’ (A= 

0.036% TFA in water, 3=0.045% TFA in CH3 CN). Collection o f every single peak and 

their analysis by MALDI-TOF revealed that the biggest peaks on the left correspond to 

the starting epitope and to its dimérisation products. The peaks marked with a * (Rt= 

21 .45’, 22.70’ and 23.20’) are a mixture o f  more compounds. MALDI-TOF revealed 

that at least compounds 36b and 36b” are present in this mixture. In addition, it is likely 

that compound 36b’”  is also present in this mixture o f compounds, being very difficult
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to separate all of them since they are very similar (36b, 36b” and 36b’” all contain one 

epitope each). Compound 36b’ might correspond to the small peak immediately to the 

right of the marked one, but it was not possible to detect it due to its extremely small 

quantity.

MALDI-TOF of the mixture was carried out after 30 hours of the reaction occurring. 

Each single compound can be easily identified, when considering that with such 

molecular weights we do not expect to find the exact match on the spectrum, a 

difference of 40-50 m/z being surely justified. Here are reported the molecular structure 

of compounds 36b-36b’” (fig. 2.53) and, then, the expected and the experimental mass 

found (table 2.6).
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O
S-Epitope

NH

OH

36b’

Fig. 2.53 Molecular structures of compounds 36b-36b’”

Table 2.6 Interpretation of the MALDI spectrum in fig. 2.51

Compound Expected mass Experimental mass Peak intensity

36b 2970 m/z 2979 m/z 100%

36b’ 5380 m/z 5370 m/z 10%

36b” 2988 m/z 2996 m/z 80%

36b’” 2890 m/z 2890 m/z 55%
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N-(4-amino-2,3-didecanoxy-4-{2[4(2,5-dioxo-2,5-dihydro-lH-pyrrol-l- 

yI)phenyl]acetyl}-butyI)-2-[3-(2,5-dioxo-2,5-dihydro-lH-pyrroI-l- 

yl)phenyl]acetamide 37b

--y.

o  »r> ^  r o  c v  'T -

A)|SUa)Uf %

Fig. 2.54 MALDI-TOF of N-(4-amino-2,3-didecanoxy-4-{2[4(2,5-dioxo-2,5-dihydro- 

1 H-pyrrol-1 -yl)phenyl]acetyl} -butyl)-2-[3-(2,5-dioxo-2,5-dihydro-1 H-pyrrol-1 - 

yl)phenyl]acetamide 37b
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14 

12

CYCLE ABSCI;3SA ORDINATE
220 . 0 NM 0 .027 A
230 . 0 NM 0 .016 A
220 . 0 NM 0 .025 A
230 . 0 NM 0 .009 A
220 . 0 NM 0 .014 A
280 . 0 NM 0 .003 A
220 .0 NM 1..047 A
280 . 0 NM 0 . 633 A
220 .0 NM 0 .534 A
280 . 0 NM 0 .309 A
220 . 0 NM .337 A
280 .0 NM 0 .643 A
220 .0 NM 3 .597 A
230,. 0 NM 1 ., 776 A
220 .0 NM 3 .60S A
230 ,, 0 NM 3..024 A
220 . 0 NM 3 .594 A
230. 0 NM 3 . 416 A
220 . 0 NM 3 .669 A
230. 0 NM 3 .394 A
220 . 0 NM 3 .696 A
230. 0 NM 3 .323 A
220 . 0 NM 1 ..304 A
230. 0 NM 1 .293 A
220 ,.0 NM 3. 643 A
280. 0 NM 2. 769 A
220. 0 NM 601 A
230. 0 NM 2 . 965 A
220. 0 NM 3. 653 A
280. 0 NM 3 . 191 A

METHOD
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15
16 

17 
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21 
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23
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29

ABSCISSA ORDINATE
220.0 NM 3.667 A
230 . 0 NM 3.331 A
220.0 NM 3.686 A
280 .0 NM 3.393 A
220.0 NM 3.629 A
280 . 0 NM 3.416 A
220.0 NM 3.691 A
230.0 NM 3.430 A
220 .0 NM 3.640 A
280 . 0 NM 3.357 A
220.0 NM 3.620 A
230.0 NM 3. 175 A
220 .0 NM 3.637 A
230.0 NM 2.751 A
220 .0 NM 3.628 A
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220. 0 NM 3.587 A
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230.0 NM 1 .029 A
220 .0 NM 3.336 A
280.0 NM 0.630 A
220.0 NM 3. 179 A
230.0 NM 0.375 A
220.0 NM 3.078 A
230.0 NM 0.242 A
220.0 NM 2.833 A
230 . 0 NM 0. 176 A

Fig. 2.55 UV/VIS plot and corresponding data o f N-(4-amino-2,3-didecanoxy-4- 

{2[4(2,5-dioxo-2,5-dihydro-lH-pyrrol-l-yl)phenyl]acetyl}-butyl)-2-[3-(2,5-dioxo-2,5- 

dihydro-1 H-pyrrol-1 -yl)phenyl]acetamide 37b
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Interpretation of the data of compound 37b

Passage through a Sephadex column let a mixture of compounds to be separated by 

their difference in molecular weight, the lighter compounds being eluted first. MBS 

could be easily detected by UV/VIS at 220 and 280 nm, and also all its derivatives. The 

first compound expected to be eluted from the column was the lighter MBS and this was 

confirmed by the enhancement of the absorbance in sample 4 and its corresponding 

analysis by MALDI. A further enhancement was observed in samples 9-12. We 

expected those fractions to be the threitol 22b substituted with only one molecule o f 

MBS and fractions 15-20 (a further increased absorbance is observed) to be compound 

37b. Analysis of those fractions by MALDI-TOF revealed that compound 37b was 

present in tubes 9-12 and no formation of the mono-MBS derivative was observed.

Fig. 2.54 shows the MALDI-TOF of fractions 9-12. Here the main peak has an m/z 822 

and corresponds to compound 37b plus sodium, while the peak at m/z 840 corresponds 

to compound 37b plus a potassium ion.
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3.1 General conclusions

The aim of this PhD project was the synthesis and development o f new adjuvants and 

carriers for vaccines for foot and mouth disease virus.

The general idea was the “building” of a completely synthetic vaccine, following the 

concept adjuvant-carrier-epitope. Each part was separately synthesized and then joined 

together by synthetic organic chemistry procedures.

The developing of the adjuvant-carrier part of the vaccine was the main focus o f the 

project. There are several points that had to be considered to develop an adjuvant. First 

o f all, it has to be immunogenic, i.e., able to elicit an immune response when injected in 

an organism. All the synthetic adjuvants known so far are based on the structure of 

compounds found in nature and synthetic modifications o f these compounds are able to 

increase or decrease the adjuvant activity. Several studies show another important point: 

lipophilicity generally enhances the adjuvant activity. The exact mechanism of this 

action is still unknown, depending on the structure of the adjuvant. However, in the case 

of lipophilic compounds, the lipophilicity is probably the key factor in the enhancement 

of cell uptake and thus in the antigen presentation to the immunocompetent cells. This 

means that a lipophilic compound may act not only as an adjuvant, but also as a carrier, 

improving the passage through the cells. There are many examples o f lipophilic 

adjuvants, but we focused our attention on MDP and on PamgCys. MDP possesses a 

cyclic carbohydric structure, and this is another important point. An adjuvant, in fact, 

has to be a stable compound, resistant to the proteolytic enzymes present in the body, as 

well as to oxidation and to heating. Substitution o f the carbohydrate moiety of MDP 

with a simple cyclohexane may produce a more stable compound. For this purpose, 

myo-inositol was chosen, being a cyclohexanol with definite structure. The lipophilicity 

was increased by adding alkylic chains to the OHs as ether bonds. The nature o f these 

bonds was another important factor: ethers are very resistant, being cleaved only in very 

acidic conditions. Myo-inositol possesses six OHs, so some of them could be used to 

carry the lipophilic chains and the others to link the immunogenic epitopes o f FMDV. 

The more copies of the epitope present, the greater the immunogenicity. This means that 

wyo-inositol could act as an adjuvant and as a carrier at the same time. Tetra-alkyl and 

different tri-alkyl wyo-inositol derivatives were synthesized, separated and 

characterized. Unfortunately, the conversion of the free OHs to NH2 groups was not
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successful. Amino groups were in fact necessary to link the lipophilic structure to the C- 

end of the epitopes. The method chosen for the conversion was a simple Sn2 via a 

mesylic group. Mesylation was successful but its substitution with an N3 group was not 

possible. The reaction was repeated several times in several different conditions, but no 

changes in the starting material were observed. We can conclude that the structure of 

myo-inositol is probably too rigid and too stable to accept an inversion of configuration 

during an Sn2 reaction. Despite this, the literature shows several examples of successful 

Sn2 reactions on L-quebrachitol, a compound with very similar structure to myo- 

inositol. L-quebrachitol, although being a more expensive starting material, could be a 

valid alternative to myo-inositol, being a cyclohexanol with OHs in different 

configuration compared to myo-inositol. This difference probably makes the compound 

more reactive.

Another set of lipophilic adjuvants was also prepared. The idea o f their structure came 

from PamgCys, already successfully employed in FMDV synthetic vaccines. Its 

structure was modified using the same criteria adopted for the wyo-inositol. Linear 

polyalcohols were chosen as the starting material, in particular L-threitol and L-arabitol. 

The ester bonds, present in PamgCys were substituted with ether bonds. In this case, 

synthesis of lipophilic threitol and arabitol was successful, as well as conversion o f OHs 

groups in NH2 groups. Thus, 2,3-di-O-decanyl-1,4-di-amino-L-threitol and 2,3,4-tri-O- 

decanyl-1,5-di-amino-L-arabitol were prepared and characterized. All the reactions 

were high yielding and the total procedure was simple and not expensive. The major 

problem was the isolation and purification of the compounds only differing from each 

other by one alkyl chain. Several chromatographies on silica gel and HPLC were 

necessary.

Once the adjuvant had been synthesized, we needed the carrier part o f the vaccine. Even 

if  we thought that the adjuvants could also act as carriers, the MAP carrier was still 

prepared. Our idea was to include it in the vaccine in order to compare it with the one 

containing only the adjuvant/carrier and the epitopes. In this way we could evaluate the 

effective role o f the adjuvant/carrier construct. MAP was prepared either by solid phase 

synthesis, or in solution. While solid phase synthesis did not give high yields, solution 

synthesis was more successful, probably due to the simplicity of the synthesized 

peptide.
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The epitope part of the vaccine was the immunogenic 140-160 region of VPl of FMDV 

serotype C. It was synthesized by solid phase, purified and characterized. An additional 

Cys was linked at the C-terminus, in order to aid the liganding between the epitopes and 

the adjuvant/carrier.

Liganding was another important part of the project. Different linkers were chosen to 

evaluate the importance that the nature of this bond might have on immunogenicity.

The bromoacetyl approach was not successful, probably due to the high reactivity of the 

intermediates and the development of side reactions. The chloroacetyl approach was 

successful only in part. In fact, the dichloro-threitol intermediate was easily obtained 

and the compound characterized. Liganding o f the dichloro-threitol intermediate with 2 

epitopes did not give the expected compound. The reaction was carried out in aqueous 

solution, but the use of a dipolar aprotic solvent should be a good alternative. This is 

because of two effects: enhanced reactivity of the charged nucleophile (the thiolate ion) 

due to reduced solvation and better solvation of the charge-separated transition state. 

Also, to reduce dimérisation of the epitope, the concentration of the reactants could be 

reduced. The use of a dipolar aprotic solvent such as DMF clearly reduces the solubility 

of the epitope. Use of urea was found to greatly aid the solubility.

The maleic anhydride approach was successful but the yields were low. Probably the 

key to this approach was the cyclization of the di-maleic-threitol, the thiol group of the 

Cys being more reactive towards the cyclic structure. Cyclisation is a reaction that needs 

very dry conditions and, probably, by improving this, the reaction could succeed. 

Finally, the MBS approach gave a very reactive di-substituted threitol and, as a result, it 

was quite unstable. The compound was too unstable to be properly characterized, but 

probably if immediately treated with the epitope, it could lead to a successful synthesis.

3.2 Future work

Future work on this project may follow different directions. The wyo-inosito 1-like 

adjuvants could be further investigated through the L-quebrachitol approach. Of course, 

this could be an alternative, but it is unknown if the approach can be valid.

Liganding reactions between the threitol and the arabitol derivatives could also be 

further investigated. Probably, the chloroacetyl and the maleic anhydride approaches are
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the more likely to succeed. Trying the conditions above mentioned could be a valid 

alternative.

It would be also interesting to synthesize the vaccine in which the MAP carrier is 

included. A comparison between the immunogenicity o f adjuvant/carrier-MAP-epitope 

and adjuvant/carrier-epitope could allow an understanding o f the exact role o f the lipidic 

compounds.
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A .l General immunology 

A.1.1 Introduction

Immunity in vertebrates can be divided in two different sections. By the processes 

involved in the immune response, an immune system consists of innate immunity and 

acquired immunity. By the components involved in the immune response, an immune 

system can be divided into humoral immunity and cellular immunity. Finally, by 

location of the immune response, an immune system consists of serosal immunity and 

mucosal immunity.

Innate immunity includes immune mechanisms which are present constantly from birth. 

It is the first line of defence against infections; it is a fast, non-specific response and it 

does not have memory with respect to previous infections. However, acquired immunity 

is developed only after the invasion of an infectious agent; it is slow in response to 

infections, highly specific, and, most importantly, develops memory of previous 

infections.

A. 1.2 Cellular immunity

All circulating cells found in the blood are derived from the same pool o f parental cells 

or pluripotent stem cells (PSC). These are found in the bone marrow of long bones and 

the pelvis. PSC have the capacity to undergo a process called “self renewal”. During 

this process, the stem cell divides into two daughter cells: one will mature and 

differentiate to a circulating cell, the other will retain a quiescent state and rejoin the 

pool o f stem cells, maintaining the same number of parental cells. Activated stem cells 

can evolve into either myeloid or lymphoid cells. Lymphoid cells will form either T or 

B lymphocytes, while myeloid cells will differentiate in erythrocytes, platelets, 

monocytes/macrophages and granulocytes (figure A .l). B-lymphocytes, present in the 

bone marrow, are also called plasma cells and they produce and secrete antibodies. T 

lymphocytes can be further divided into regulatory and effector cells. Regulatory cells 

can be subclassified as helper T cells (T h , activate the immune system) and as 

suppressor T cells (T s, downregulate the immune response).
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Figure A .l Circulating cells involved in the cellular immunity and their evolution.

Th are also referred as T4 or CDd^ lymphocytes because o f the presence of these surface 

markers. Ts bear Tg or CDg^ surface markers.

Effector cells such as cytotoxic T lymphocytes (CTLs) and natural killer cells (NK) are 

responsible for eradication of virally infected or tumour cells. NK cells have IgG 

receptors which allow their attachment to antibodies that have coated pathogenic 

organisms. NK cells carry out their cytotoxic function through formation of perforin 

complexes that allow the leakage of intracellular contents.

Most CTLs express CDg^ surface markers and they exert their cytotoxic activity by 

binding to target cells that bear MHC (major histocompatibility complex) class I 

molecules. CTLs also activate a sequence of biological signals that induce intracellular 

signals that lead to a process called “apoptosis” also known as programmed cell death.
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Macrophages are antigen presenting cells (APCs), which break down antigen to an 

identifiable form for immune recognition.

A.1.3 Humoral immunity 

A.1.3.1 Antibodies

Antibodies are a group of glycoproteins, present in serum as well as in almost all 

physiological fluids of vertebrates, as immunoglobulins (Igs). The simplest structure of 

an immunoglobulin consists of two identical short polypeptide chains, the light chains, 

and two identical long peptide chains, the heavy chains, interconnected by several 

disulfide bonds (figure A.2). The two amino terminal regions from one light chain and 

one heavy chain form a binding site for the antigen. These amino terminal regions of the 

light ( V l)  and heavy chains ( V h)  are defined as variable regions. Conversely, the 

carboxyl terminal regions of light ( C l)  and heavy chains ( C h)  are defined as constant 

regions. The high variation in the amino acid sequences in the variable regions reflects 

the large potential for antigen specificity that an antibody can exhibit. The peptide 

sequence in the centre of a heavy chain is called the hinge region. Hinge regions can 

provide flexibility for antibodies to bind two separate but identical antigenic structures 

or epitopes with various distances.

While there are two different classes of light chains, k  and X, immunoglobulins are 

divided into five different classes depending on their heavy chains. Immunoglobulin G 

(IgG), the most predominant in the serum, has a y heavy chain, IgM, the first antibody 

produced upon infection, has a p heavy chain, IgA possess a heavy chain, IgD ô heavy 

chain and IgE € heavy chain.

Antibodies are produced by B lymphocytes. Differentiation initiates when the 

immunoglobulin-encoding genes rearrange into a unique sequence which determines the 

antigen specificity of the antibody to be produced by the B cell. Upon stimulation, the 

small number o f B cells that bear the specific antibody on their plasma membranes will 

he induced to proliferate into a larger B cell clone. Subsequently, the specific clone of B 

cells will differentiate into plasma cells and produce only the specific antibody which 

recognizes the specific antigen.
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Figure A.2 Basic structure of an immunoglobulin
(A) Linear arrangement of the four polypeptide chains with disulfide linkage 

between a light and a heavy chain and between two heavy chains.
(B) Conformational arrangement of the four polypeptide chains as in an 

immunoglobulin molecule.

A.1.3.2 Complement

Complement is a group of glycoproteins which can be activated during the acquired 

immune response to induce antibody-mediated cytotoxicity. However, the complement 

system can act directly on the surface of bacteria without the involvement of antibodies. 

This activation mechanism is called the alternative complement pathway to distinguish 

it from the classical complement pathway activated during the acquired immune system 

(figure A.3). There are nine factors involved in the classical complement pathway. 

These nine factors can be divided in two categories: proteins with proenzymatic activity 

such as Ci, C 2 ,  C 3  and C 4 ,  and proteins with aggregating activity such as C 5 ,  Cô, C 7 ,  Cg 

and C 9 .  During the complement cascade, factors Ci to C 5  require enzymatic 

transformation into the active forms while factors Ce to C 9  do not need activation. In the 

classical complement pathway, the Fc domain of an antigen bound antibody can be
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recognized by complement protein Q . Ci consists o f six Ciq subunits with six binding 

subunits which can interact with IgM and with all subclasses o f IgG except Ig04. In 

addition, there are two Cir and two Cis molecules associated with Ciq.

Factor B 

C3bB M  C3b

Factor D Protease
C3C3bBb

Properdin(In n a te )

Cell walls

C3bB acteria

\ C1, C4, C2

I I IAntigens

(A c q u ir e d )

Specific Antibody C 3

Complement
activity

Figure A 3 Comparison of the alternative (innate) and the classical (acquired) 
complement pathways.

Upon Ciq binding, Cjr proenzyme is activated and this will initiate the classical 

complement pathway. C4 is split in two polypeptides, the shorter C4a and longer C4b- C4b 

is an activated enzyme that can convert C2 into Cza and Cib. C]b and C4b form a complex 

with Cis on the antigen-bearing surface known as C3 convertase, which can convert C3 in 

C3a and C3b. C3b is an important step in both the alternative and classical pathways. C3b 

binds to the antibody-antigen complex and enhances the phagocytosis o f the target cell 

by phagocytes by the C3b receptors present on the surface o f the phagocytes. The 

process o f enhancing phagocytosis by the attachment o f marker molecules on the 

surface of the target cells is called opsonization and all the marker molecules are 

opsonins. The complex C4b, Czb, C3b is called C 5 convertase and will convert C5 in Csa 

and Csb. The latter will join the complex while jhagments C4a, Cza, €33 and Csa will act as
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anaphylotoxins binding to mast cells and releasing important mediators such as 

histamine. Intact Cô, C? and Cg will bind sequentially around Cgy to form a membrane- 

associated complex which polymerises C9 molecules to form a transmembrane channel. 

This channel, known as the membrane attack complex, acts as a pore and causes the 

leakage of electrolytes and cytoplasmatic components from the antigen-bearing cell 

killing it.

A.1.4 The major histocompatibility complexes

The recognition o f self and non-self is the basis for the development of most immune 

responses, especially for acquired immunity. This recognition is made possible by the 

presence o f markers on the cell surface. The major histocompatibility complex antigens 

(MHC) are a group of surface proteins which possess this function. For example, the 

maturation of T lymphocytes in the thymus involves the screening of immature T cells 

for their recognition capacity of MHC molecules: only a small fraction of the 

thymocytes entering thymus from the bone marrow can fulfil this requirement and will 

develop into mature T lymphocytes. There are two different classes of MHC proteins: 

class I MHC proteins that can be found on virtually all nucleated cells in the human 

body and class II MHC proteins only associated with B lymphocytes and macrophages. 

MHC I are markers that can be recognized by NK and CTL cells and are co-expressed 

with viral antigens on the virus-infected cell. MHC II proteins are markers indicating a 

cooperation between antigen- presenting cells and Th cells.

A.1.5 Antigen presentation

Once an antigen has penetrated the barrier defence, non-specific antibodies and 

complement factors will coat it in a process known as opsonization. This process 

neutralizes the antigen and simultaneously activates chemotaxis o f cellular components. 

The opsonized antigen is then recognized by antigen-presenting cells (APC), such as 

macrophages and primed B lymphocytes. These cells have Fcy and Csb receptors on the 

cell surface, allowing binding into the opsonized cell. The antigen is then internalised 

(endocytosis) and processed into small fragments by proteolytic enzymes: these 

fragments possessing recognizable antigenic structures will be complexed intracellularly
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with class II MHC proteins and expressed together on the surface of APCs. These 

complexes can be recognized by both B and T lymphocytes, which can bind through 

specific receptors (C D / for Th cells and immunoglobulins for B cells). The binding of 

B cells to APCs stimulates the secretion o f interleukine 1 (IL-1) from the APC which 

induces the differentiation of B-cells into specific antibody-producing plasma cells. The 

binding o f Th cells to APC stimulates the secretion of B cell growth factors (IL-2) from 

T cells which can further promote the proliferation o f B cells and the production of 

antibodies. Along with antigen presentation, IL-1 and TNF are produced by 

macrophages, which are required to co-stimulate T lymphocytes. Antigens that require 

T cells in order to elicit antibody production are defined as T cell dependent and are 

potent antigens, more effective and sensitive than T cell independent antigens (figure 

A.4)

(A! T ccil-ilt‘pent1cnt antigens

T c e ll

Antigen

Interleukins

c
Bee

Antigen-presenting cell

Proliferation Antibody
producing 

Differentiation cells

(B) T  ce ll-independen t antigens

Polymeric antigen

#
Mitogenesis

Antibody (mostly IgM) 
production

B cell

Figure A.4 The processing of T cell dependent (A) and T cell independent (B) antigens.

IL-1 is a primary inflammatory mediator that can stimulate the active recruitment of 

cells to the affected site. In addition, it is also able to induce expression o f colony
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stimulating factors (CSFs) and lymphokines, which regulate the differentiation, 

proliferation and maturation of myeloid and lymphoid cells respectively.

IL-2 is a pleiotropic factor that can activate CTLs, Th and Ts lymphocytes, B cells and 

NK cells. In order to elicit its function, IL-2 must bind to specific receptors which 

activate a series o f intracellular signals that will result in cellular activation.

The expansion, proliferation and differentiation o f myeloid cells is under the strict 

control o f CSFs. They are classified by their capacity to sustain the proliferation and 

differentiation of various myeloid progenies in colony forming unit (CFU) assays. 

These factors are designated as granulocyte-macrophage-CSF (GM-CSF), multi- 

lineage-CSF (Multi-CSF), granulocyte-CSF (G-CSF), macrophage-CSF (M-CSF), 

erythropoietin (EPO) and thrombopoietin (TPO).

A. 1.6 Hypersensitivity

Allergy is an undesirable overresponse o f the immune system to specific antigens, 

called allergens. The subsequent immunological reaction after exposure to the allergen 

is hypersensitivity; but, generally, the terms allergy and hypersensitivity are used 

interchangeably.

There are four different types of hypersensitivity, namely types I, II, III and IV (figure 

A.5); each type of hypersensitivity carries a unique mechanism that can cause tissue 

damage.

A .l.6.1 Type I Hypersensitivity

Type I Hypersensitivity, also known as the immediate type o f hypersensitivity, is the 

most common of allergic reactions. It may result in hay or spring fever, or in a life- 

threatening situation, such as an anaphylactic response to allergens or drugs. In both 

cases, the responses occur shortly after exposure o f an antigen to the body, which had 

previously been sensitised to that specific antigen. The initiation stage of the allergic 

reaction begins with the contact o f a multivalent antigen, either a natural or a synthetic 

drug molecule, to IgE-class antibodies which are bound to the mast cell surface via Fcg 

receptors, which are receptors that selectively bind the Fc region of an IgE molecule. 

This binding causes crosslinking to mast cell surface IgE antibodies via antigens,
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increases the influx of calcium ions and, consequently triggers the degranulation of 

mediator-containing granules. Several other conditions besides the antigen-IgE 

interaction are (a) dmg-induced degranulation and (b) degranulation induced by 

endogenous factors as anaphylatoxins, i.e., Csa and Csa generated from complement 

reactions.

Antigen 

IgE

Mast Cell

Degranulation 

4  ' - Mediators

Type I Hypersensitivity

Complements

• • • •
^  Antibodies

Kcell

Fc receptor
Anügcn

Target cell

Type II Hypersensitivity

Macrophage

Type in Hypersensitivity

Tcell a
—  Antigen 

Type IV Hypersensitivity

Figure A.5. The four different type of hypersensitivity

Mediators released from mast cells upon antigen or drug stimulation can be classified 

into two different categories: the preformed mediators and the newly synthesised 

mediators. Preformed mediators are stored in granules inside mast cells. The most 

important is histamine which is stored in granules as a complex of an anionic
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macromolecule, heparin. After being released, histamine will bind to its receptors 

causing an increase in vascular permeability and constriction of the smooth muscle 

cells. Several proteases are also present in the granules o f mast cells. Calcium ion influx 

that triggers the degranulation of mast cells can also activate phospholipase A], an 

enzyme that releases arachidonic acid from phospholipids in plasma membranes. The 

released arachidonic acid can be further oxidised to form leukotrienes, prostaglandins 

and thromboxanes. Many of these arachidonic acid derivatives cause bronchial muscle 

constriction and vasodilatation and, also, chemotaxis or platelet aggregation.

A .l.6.2 Type II Hypersensitivity

Type II hypersensitivity, also known as cytotoxic hypersensitivity, is caused by the 

antibody-mediated cytotoxicity towards antigen-positive cells. Two general 

mechanisms are involved in the antibody-mediated killing of antigen-bearing cells: 

complement-mediated cyto lysis (CMC) and antibody-dependent cell-mediated 

cytotoxicity (ADCC).

Both IgM and IgG can initiate a complement reaction, but IgM is more effective in 

causing agglutination o f antigen-bearing cells such as erythrocytes. Type II 

hypersensitivity is initiated when antibodies bind to antigens on the surface of a target 

cell such as red blood cell. The cross-binding of Ci complement factor to two adjacent 

antibodies at Fc regions will initiate a cascade reaction leading to cytolysis when 

membrane-attack complexes (MAC) are formed.

ADCC is dependent on the isotype of IgG as well on the availability of effector cells 

such as macrophages and NK cells. The most common type II hypersensitivity reactions 

in humans are the blood antigen reactions, including the responses towards ABO and 

Rhesus (Rh) antigens.

Type II hypersensitivity is also a common cause o f drug allergy.

A .l.6.3 Type III Hypersensitivity

Type III hypersensitivity, also known as immune complex hypersensitivity, is caused by 

the formation of antibody-antigen complexes in the blood or tissues. The initial stage is
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the formation of soluble antibody-antigen complexes which are too small to be cleared 

by the reticuloendothelial system. These complexes will adhere to the surface o f blood 

vessels or kidney glomerular tubes and subsequently cause tissue injury. The following 

allergic response is similar to that o f type II hypersensitivity; both complement and 

effector cells can be responsible for tissue injury and the release o f anaphylotoxins and 

chemotactic factors that can cause inflammation.

A .l.6.4 Type IV Hypersensitivity

Type IV hypersensitivity, also known as delayed-type-hypersensitivity (DTK), does not 

involve antibodies in the reaction and takes more than 12 hours to develop allergic 

symptoms. The center of this immune reaction is interleukins that are secreted from T 

cells and macrophages in response to antigen challenge. When antigens interact with T 

lymphocytes, they initiate T cell activation and proliferation. These activated T cells, 

together with antigen-presenting cells, will secrete interleukins, particularly, 

macrophage activating factor which will activate macrophages to kill microorganisms. 

Activated macrophages, however, may differentiate into giant cells and develop into 

granulomatous hypersensitivity.

A.2 Immune response to FMDV

Upon infection, FMDV elicits a broad spectrum of immune response, including humoral 

and cellular immunity that can guarantee an efficient protection against a reinfection 

with homologous and antigenically related v iru s e sN e u tra liz in g  antibodies directed 

against B cell epitopes can be detected early after infection or vaccination with FMDV. 

The first neutralizing antibodies to appear are IgM after 3-4 days. In pigs IgGs are 

detected after 4-7 days and become the major neutralizing antibodies two weeks after 

the i n f e c t i o n ^ I n  the early stages of infection there is also an antibody response in the 

secretion o f the upper respiratory and gastrointestinal tracts. IgM is the major type of 

antibody found in these secretions, followed by IgA and IgG.

Protection against FMDV is associated with the induction o f high levels of neutralizing 

antibodies in serum. However, this response does not ensure protection and animals 

with low serum neutralization titres may nevertheless be protected.
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As supported by recent findings, T and B cell responses also contribute to immunity 

against FMDV. T cell epitopes are presented, associated with class II MHC protein, to 

CD4̂  T lymphocytes on the surface of APCs. T lymphocyte activation can elicit an 

antiviral-antibody response by B lymphocytes, previously activated by interaction with 

B cell epitopes present on viral proteins. CD4 cells can also elicit a cytotoxic response 

by their interaction with CD g T lymphocytes, previously activated by their interaction 

with viral peptides associated with class I MHC protein on the surface of infected cells.
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