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Abstract

The polysaccharide capsule is the most important virulence factor of S. pneumoniae, which 
remains a major cause of morbidity and mortality in both the developing and developed 
worlds. Unencapsulated, or rough pneumococcal strains have been shown to be completely 
avirulent and the most effective host defence against S. pneumoniae is opsonisation of the 
polysaccharide capsule with type-specific antibody. For this reason, the polysaccharide 
capsule has been a major target for vaccine research.

There are over 90 chemically distinct capsular types and protection is specific for each 
serotype. In order to thoroughly protect against pneumococcal disease, a vaccine must 
include as many serotypes as possible. Furthermore, capsular polysaccharide antigens are 
T-independent type 2 (TI-2) antigens, which means that T cell help is not required to 
induce an immune response. Because of this TI-2 antigens characteristically fail to 
stimulate a protective immune response in the most high-risk groups of pneumococcal 
disease, the elderly and in infants. To circumvent this problem, a vaccine was produced in 
which the polysaccharide is chemically conjugated to a protein. However, this is an 
expensive approach, which limits the possibility of developing countries undertake a 
pneumococcal vaccination programme.

In this thesis I have shown that peptide mimotopes of both serotype 6B and 9V 
pneumococcal polysaccharide, following vaccination, can induce specific anti-CPS 
antibodies and can protect mice against developing pneumococcal disease. This was 
achieved using previously described monoclonal antibodies (mAb) directed against the 
capsular polysaccharide of S. pneumoniae serotype 6B and 9V. These mAbs were shown 
to protect mice in passive immunisation experiments, and were then used to screen phage- 
displayed peptide libraries. In total four peptide mimics of serotype 9V pneumococcal 
polysaccharide and seven mimics of serotype 6B pneumococcal polysaccharide were 
identified. The peptides were conjugated to keyhole limpet haemocyanin (KLH) and were 
used to immunise mice. Two peptides, MP7 and MP13, were found significantly protect 
mice against a lethal challenge with S. pneumoniae and induce anti- capsule specific 
antibodies. This project showed that the poor immunogenicity of capsular polysaccharide 
could be improved using peptide mimics.

Secondly, this thesis confronts the problem of high vaccine production costs by developing 
a transgenic plant capable of manufacturing pneumococcal polysaccharide. The four genes 
involved in type 3 pneumococcal capsular polysaccharide synthesis are closely linked on 
the bacterial chromosome, arranged within a single locus (cassette). Previous work had 
shown that the recombinant expression of two of these proteins, Cps3D+S+, resulted in the 
synthesis of extra-cellular type 3 polysaccharide in Lactococcus lactis and expression of 
Cps3S alone led to the synthesis of type 3 polysaccharide in both unencapsulated 
pneumococci and E. coli, provided that the nucleotide precursors of the capsular 
polysaccharide (UDP-Glc and UDP-GlcA) were also present. Therefore, I cloned a copy of 
the serotype 3 capsule synthase gene, cps3S, into a plant expression vector, which was 
transformed into tobacco plants by Agrobacterium-mediated gene transfer. After 
cultivating a second generation of transgenic plants, we have shown the stable integration 
of the cps3S gene and production of type 3 pneumococcal polysaccharide. This discovery 
aims to confront the high vaccine production costs associated with pneumococcal vaccines.
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Introduction

1.1 Streptococcus pneumoniae: The pneumococcus

Streptococcus pneumoniae (the pneumococcus) is a Gram-positive, encapsulated, 

haemolytic, coccus of approximately 1 pm in length (Bannister et al. 1996; Kaltoft et al. 

2000; Kamerling 2000). The Streptococcus genus comprises over 250 species (Bischoff et 

al. 2004), which include several known human pathogens. S. pneumoniae was first isolated 

more than 120 years ago (Sternberg 1881), yet today it remains a major cause of morbidity 

and mortality in both the developing and developed worlds (Lesinski et al. 2001). It is the 

causative agent of many types of infectious disease, including pneumonia, septicaemia, 

meningitis and otitis media (Magee and Yother 2001). This important pathogen has a 

significant impact in public health, as cases of invasive pneumococcal diseases (IPD) are 

substantially high, especially in developing countries and in individuals predisposed to 

infection, e.g. elderly, young, diabetic, asplenic, immunocompromised persons (i.e. those 

with impaired IgG synthesis, impaired phagocytosis, or defective clearance of 

pneumococci) (Mitchell and Andrew 1995).

The pneumococcus is reportedly the most widely studied microorganism in medicine, 

biology and chemistry (Kamerling 2000). One reason for this is because an investigation 

performed in the late 1920s showed that an unencapsulated strain could be transformed to 

an encapsulated strain (Griffith 1928). This transformation later proved that DNA was the 

genetic material (Avery et al. 1944).

Streptococcus pneumoniae possesses a capsule of high molecular weight polysaccharides 

which is situated external to the cell wall (see Figure 1.1) (Kamerling 2000). These 

polysaccharides form a highly hydrated shell around the bacterium (Kamerling 2000), 

which provides protection against phagocytosis by host cells and is important in 

determining virulence (see §1.2).

1.1.1 Serotypes

There are currently over 90 chemically distinct capsular types (Henrichsen 1995), although 

not all of them cause fatal infections. Differences in the composition of the capsular types 

is thought to be responsible for the alteration in virulence, although the reason for this 

remains unknown (Kamerling 2000).
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Each serotype is defined by unique antigenic determinants on the capsular material, which 

can be used to confirm the serotype of a strain. Studies conducted at the beginning of the 

twentieth century showed that humoral immunity against pneumococcal capsular 

polysaccharide (PnCPS) protected against the experimental infection, and that protection 

was specific for each serotype (Griffith 1928; MacLeod et al. 1945). The serotyping 

technique, known as the Quellung (Neufeld) reaction, causes pneumococci to appear to 

swell in the presence of specific antiserum (Heineman 1973). The Quellung reaction can be 

used to conduct epidemiological studies, to associate certain serotypes to their diseases for 

example, or for determining which serotypes are the most prevalent in certain areas (see 

§1.3), thus aiding the decision of which serotypes to include in the preparation of a 

vaccine.

There are two different systems o f nomenclature for the pneumococcal serotypes, namely 

the Danish system and the American system (Kamerling 2000). In the American system 

serotypes are numbered sequentially, based on the order of discovery. The alternative 

Danish system classifies serotypes based on cross-reaction between the different serotypes, 

so that serologically cross-reactive types are assigned to a common serogroup (Kamerling 

2000). This is the system that will be used throughout this thesis.

As suggested above, some serotypes are antigenically related to each other and share some 

degree of cross-reactivity. These are classified in serogroups, for example, 9A, 9L, 9N and 

9V all belong to serogroup 9. Serotypes that do not share a close antigenic relationship to 

other serotypes are given numbers only, for example, types 1, 2, 3, 4, etc. The extent of 

cross-reactivity between serotypes within the respective groups may differ. For example, 

types 6A and 6B are extensively cross-reactive. The two capsules have identical chemical 

compositions except for one of the bonds between two sugars (Robbins et al. 1983a; 

Henrichsen 1995). In contrast, types 19F and 19A are less cross-reactive (Penn et a l 

1982). This has been illustrated in a chinchilla model of otitis media in which a tetravalent 

polysaccharide vaccine composed of types 6B and 19F (and types 14 and 23F) conjugated 

to OMPC (see Abbreviations) conferred protection against types 6A, 6B and 19F but not 

19A (Giebink et al. 1996).

In addition to the capsular polysaccharide, the pneumococcus produces two common 

antigenic polysaccharides: a teichoic acid (C-polysaccharide) and a lipoteichoic acid
3
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(Forssman antigen; F-antigen) (Kamerling 2000; Tuomanen and Masure 2000). These, 

along with several other pneumococcal surface components, for which roles in virulence 

and/or elicitation of protection have been established, are shown in Figure 1.1.

PspA Dimer

PspC Dimer

PsaA

Neuraminidase

F-antigen

lgA1 protease

Capsular
Polysaccharide

Pneumolysin
Autoiysin 

Cell Membrane
C-polysaccharide

Cell Wall

Figure 1.1. (A) The structure of Streptococcus pneumoniae. A chain of an encapsulated strain of S. 

pneumoniae. The arrow identifies the capsular polysaccharide (the low-density layer enveloping the 

bacterium). This was taken from (Tuomanen and Masure 2000). (B) The surface components and 

virulence factors of S. pneumoniae. A diagrammatic representation of S. pneumoniae depicting several 

surface components for which roles in virulence and/or elicitation of protection have been established. This 

was modified from that o f Briles et al. (2000).
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1.2 The role of the polysaccharide capsule in the virulence of S. pneumoniae

Numerous proteins have been shown to play an important role in the virulence of 

Streptococcus pneumoniae. These include pneumococcal surface protein A (PspA) 

neuraminidase, pneumolysin, and autolysin (Paton et al. 1993) (see Figure 1.1b). 

Mutations in the genes encoding any one of at least three of these proteins (pneumolysin, 

autolysin, and PspA) have been shown to significantly reduce virulence of the bacterium 

(Paton et al. 1993). However, some researchers believe that the polysaccharide capsule is 

the single most important virulence factor of S. pneumoniae (Hardy et al. 2001). This is 

because unencapsulated, or rough pneumococcal strains have been shown to be completely 

avirulent (Griffith 1928).

The polysaccharide capsule has many functions that benefit the pneumococcus. It is 

sufficiently permeable to modulate the passage of molecules, ions or even large proteins to 

the bacterial cell envelope, but prevents dehydration, protects against bacteriophage 

infection (Kamerling 2000) and is thought to aid in the adherence of pneumococci to 

biological (Magee and Yother 2001) and inanimate surfaces (Jones 1998; Tuomanen and 

Masure 2000). Its most important function is to inhibit phagocytosis by particular host cells 

(Kamerling 2000). Phagocytosis is the ingestion of particulate foreign material by a 

polymorphonuclear leukocyte (such as a neutrophil or macrophage). An invading pathogen 

is identified by a receptor on the surface of the phagocyte (see §1.2.1), which proceeds to 

engulf the pathogen by endocytosis. Once internalised it is contained in a vesicle 

(phagosome), which fuses with one or more lysosomes to form a phagolysosome. The 

lysosomal enzymes then break down and destroy the microbe (Janeway et al. 1999).

1.2.1 Mechanisms of evasion of host cell phagocytosis

Phagocytes can identify foreign cells in several ways. Neutrophils, for example, possess 

several receptors (the mannose receptor, the glycan receptor and CD 14) that bind bacterial 

cell wall components directly (Wood 2001). Encapsulated pneumococci are thought to 

avoid non-specific phagocytosis because their surface has a negative charge (Van Oss and 

Gillman 1973). When confronted with an equally negatively charged phagocytic receptor 

(Van Oss and Gillman 1973) this is thought to result in mutual repulsion (Moxon and Kroll 

1990). However, this has not been thoroughly investigated, since, in practice, the
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measurements needed to test the physical chemistry involved have been difficult to make 

(Moxon and Kroll 1990).

The host attempts to phagocytose the encapsulated pathogen do not end there. Bacterial 

surface polysaccharides are thought to activate the complement system by binding to 

mannan-binding lectin (MBL) (Ezekowitz 2003). MBL is constitutively present in serum, 

even before the development of a specific antibody response. It binds a broad spectrum of 

polycarbohydrate hexoses, such as mannose, glucose, fucose and N-acetylglucosamine 

groups present in glucans, lipophosphoglycans and glycoinositol-phospholipids on the 

surface of pathogens (Epstein et al. 1996) and once bound, it is thought to activate the 

complement cascade via the most recently characterised system of complement activation, 

the lectin pathway (Ezekowitz 2003). The complement cascade results in the production of 

the complement protein C3b, which can penetrate the polysaccharide capsule without 

difficulty, reaching and binding to the bacterial cell wall beneath (Roberts et al. 1989). 

Complement receptors (CRs), such as CR1 and CR3, on the surface of phagocytes then 

bind the bacterial-bound C3b to initiate phagocytosis of the pathogen (Roberts et al. 1989). 

However, the pneumococcal capsular polysaccharide layer is very thick and cell wall 

bound C3b molecules can be masked or hidden by the capsular polysaccharide. This 

prevents engagement of the complement receptors on the phagocyte, which are unable to 

initiate phagocytosis (Roberts et al. 1989).

1.2.2 Control of pneumococci requires anti-capsular IgG

The most effective host defence against S. pneumoniae is opsonisation (coating) of the 

polysaccharide capsule with type-specific antibody (Lee et al. 1996). Although, some 

pneumococcal protein antigens have been shown to be protective without stimulating 

opsonisation, pneumolysin, for example (Ogunniyi et al. 2001). Opsonisation is dependant 

on the existence of anti-capsular IgG antibodies, which bind to and coat the pathogen at 

various sites. These could originate from prior exposure to the pathogen, from 

immunisation, or from the transmission of maternal antibodies (Janeway et al. 1999). Once 

bound, a conformational change occurs at the Fc portion of the antibody that allows it to be 

recognised by specific FcyRIIA (also known as CD32) receptors on the surface of the 

phagocyte (Stein et al. 2000). The interaction of these antibodies (now known as opsonins) 

also results in the activation of complement via the classical pathway, thus maximising
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phagocytosis of the pneumococcus via both FcyRIIA and C3b receptors on the phagocyte 

(Roberts et al. 1989).

The presence of type-specific antibody is a therefore a major defence against 

pneumococcal infection. The passive administration of anti-capsular antibody has been 

shown to be effective at protecting both humans and animals against developing 

pneumococcal disease. This observation led to the development of pneumococcal vaccines 

targeting the capsular polysaccharide. This was because active immunisation is an effective 

means of producing anti-capsular IgG antibody. However, this was not an absolute 

solution. The first immunoglobulin class to be produced in response to an antigen and the 

first to be synthesised by a neonate is IgM, therefore a successful pneumococcal vaccine 

must induce class switching to IgG in all individuals. This has proved to be a difficult task, 

since the best vaccine candidate, the capsular polysaccharide, is a T-independent antigen, 

which produces a predominantly IgM response and also stimulates poor immunological 

memory. This is explained further in §1.4.3.

1.3 Epidemiology

The epidemiology of pneumococcal infection and disease is an important consideration for 

vaccine development, since, as will be discussed, it influences vaccine composition.

1.3.1 Carriage

Like many microorganisms, carriage plays an important role in the aetiology of 

pneumococcal disease. The nasopharynx is an ideal location for the pneumococcus to 

spread to new hosts (by droplet secretions) and it is presumed that all invasive serotypes 

are carried, at least transiently, prior to invasion (Barthelson et al. 1998; Dagan et a l 

2004). The pneumococcus is commonly isolated from the human nasopharynx where 

asymptomatic colonisation can occur shortly after birth (Austrian 1986). The scale of 

colonisation can differ between individuals, although up to 40 % of the general population 

are thought to carry it in small numbers (Austrian 2000; Tuomanen and Masure 2000). 

Studies have shown that as many as four different capsular serotypes maybe carried 

simultaneously during childhood (Austrian 2000; Tuomanen and Masure 2000). In certain 

environments, particularly closed environments such as military barracks, individuals have 

been shown to be colonised with as many as eight different capsular types over a period of
7
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10 weeks (Hodges et al. 1946). Colonisation or carriage is therefore influenced by the 

individual’s exposure to one or more of the 90 pneumococcal types. Therefore, it comes as 

no surprise that the serotypes that account for the majority of nasopharyngeal isolates in 

children are included in the pneumococcal vaccines (see §1.4.2) (Hausdorff et al. 2005). 

However, if an individual develops antibodies to a particular serotype after colonisation 

this does not eliminate the carrier state (Austrian 2000). In contrast, individuals that 

develop antibody to a given pneumococcal capsular type prior to colonisation are half as 

likely to be colonised with that serotype (MacLeod et al. 1945). Therefore, early 

immunisation is the best defence. This is not a solution for infants, the group most at risk 

from pneumococcal disease, as they do not readily raise an immune response to capsular 

polysaccharides (see §1.4.2.3).

1.3.2 Disease

As stated earlier, the diseases caused by S. pneumoniae are a major cause of morbidity and 

mortality throughout the world (Gilbert et al. 2000). Table 1.1 shows a summary of the 

incidence of IPD worldwide and in the United States. Actual accounts of the incidence of 

IPD and the distribution of particular serotypes within a population can change due to age, 

time and geographically. This is discussed in the following sections.

Table 1.1 The Annual Incidence of Pneumococcal Disease

I. Worldwide
A. Pneumonia

1. Estimated number o f cases: 20,000, 000
2. Estimated number o f deaths: 1, 050, 000

B. Meningitis
1. Estimated number o f deaths: 75,000

C. Total pneumococcal deaths: 1, 125, 000 
(9 % o f all childhood deaths)

II. United States
A. Pneumonia - estimated number o f cases 500, 000
B. Meningitis - estimated number o f cases 3, 000
C. Bacteraemia - estimated number o f cases 50, 000
D. Otitis Media - estimated number o f cases 7, 000, 000

Taken from Klein (2000)

1.3.3 Age

The World Health Organization estimates that at least 1.2 million children die of 

pneumococcal disease each year (World Health Organisation 1996). In developing
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countries Pneumonia is the main cause of death in young children and overall diseases 

caused by S. pneumoniae account for 30 % of deaths in children less than 5 years old 

(Lesinski et al. 2001). In Europe, it is estimated that the pneumococcus is responsible for 

25 % to 50 % of bacterial meningitis in children (Connolly and Noah 1996) and in the 

USA cases of invasive pneumococcal disease, including meningitis and bacteraemia, are 

estimated to be as high as 160 cases per 100,000 in children less than two years of age 

(Advisory Committee on Immunization Practices 1997).

As shown in Figure 1.2, the number of IPD cases in infants can vary by age. A study 

performed on 806 invasive pneumococcal isolates from Danish children aged between 0 - 

23 months during 1981 - 1999 showed that children were most at risk of developing 

pneumococcal meningitis at 10.2 months old, and bacteraemia at 15.9 months old (Kaltoft 

et a l 2000). In the UK, surveillance data during 1996 - 1998 showed that the incidence of 

invasive and other pneumococcal disease was highest among children during the first year 

of life (Miller et a l 2000). The reason for the higher susceptibility of IPD in infants is 

discussed in §1.4.2.3

1

a

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Age in Months

Figure 1.2. Age distribution of 806 invasive pneumococcal isolates from Danish children ages 0- 

23 months during the period 1981-1999. The percentage of total by site o f isolation is also 

displayed. Modified from Kaltoft et al. (2000)

Old age is also a risk factor for infection, although the reason for this is not as well

understood as for infants (Artz et al 2003). Reported annual incidences of IPD among the

elderly in North America and Europe range from 25 to 90 cases/100 000 persons (Butler

and Schuchat 1999). Mortality caused by pneumococcal infections is highest among those

aged >65, with nearly 20 % cases resulting in death (Butler and Schuchat 1999). This has
9
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been shown to rise to as much as 40 % for those aged 85 years or older (Artz et al. 2003). 

This threatens to become a critical public health issue, since the elderly population is 

expected to triple by 2050 (Artz et al. 2003).

1.3.4 Time

The distribution of specific serotypes implicated in disease can also vary with time. During 

the winter months the number of cases of pneumococcal disease has been shown to 

increase. This is thought to be because pneumococci are usually transmitted by droplet 

secretions, from person to person (O'Brien and Nohynek 2003) and during these months 

the course of other respiratory infections and secretions, coughing and sneezing are 

increased (Kaltoft et al. 2000). Kaltoft and colleagues investigated the seasonal distribution 

of 111 episodes of pneumococcal bacteraemia and 346 episodes of pneumococcal 

meningitis in Danish children aged 0 - 6  years old during 1981 -  1999. They found that 

there were significantly fewer episodes of invasive pneumococcal infections during the 

summer months (June, July and August) when respiratory infections overall are low 

compared with the rest of the year (Kaltoft et al. 2000).

In long-term studies the serotypes most frequently implicated in disease has been shown to 

vary over years (Finland et al. 1977). Prior to the introduction of a pneumococcal vaccine, 

Finland and Barnes showed that there was a steady decline in the number of bacteraemic 

cases caused by serotypes 5, 2 and 1 from 1935 to 1974 (as shown in Figure 1.3a) (Finland 

and Barnes 1977). However, Figure 1.3b shows there was a steady increase in the number 

of cases caused by serotypes 14, 18. Only seven types (types 1, 3, 4, 7, 8, 14 and 18) were 

found in all of the 15 selected years, and these together accounted for 60 % of the strains 

identified (Finland and Bames 1977).

1.3.5 Geography

The incidence of IPD can also vary geographically. There is an unequal distribution of 

pneumococcal serotypes causing disease throughout the world. For example, in Europe, the 

literature cited suggests that Italy has the lowest incidence with 1.1 reported cases per 100 

000 population (Principi and Marchisio 2000) and Greece has the highest incidence with 

100/100 000 (Syriopoulou et al. 2000). Denmark and the UK have 16.8/100 000 (Kaltoft et 

al. 2000) and 6.6/100 000 (Miller et al. 2000) reported cases of IPD respectively. The
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incidence and differences in the prominent serogroups isolated from children under 5 years 

old are illustrated in Table 1.2.

A  toIII III .  Il
B

5 to-

H 10-

10 0 
z
5 40c

J O

* Ml III COm
a3* 10

I

TYPE 5

TY P E  2

TYPE I

I l i a
* ;  • » * £  : ! ! ! ! ! ! ! !

TYPE 19 -

■ - 1 - 1  l l l a l l l l l
T Y P E  IB «

I .1 .. I l l l l l l l l
T Y P E  14

■ ll. l l  ll.llllll
|  ,J |
2  J  _  ■  a a a l  - ■ • l l - l l a

ISH ■  ■  T Y P E  7

Jll IIII llll.lla.
A «  ;  5  «  h(O «  A A 4J n  | |  •  t  P♦ # + m m m

Figure 1.3. Occurrence o f S. pneum oniae  types 1, 2, 5 ,1 4 ,1 8 ,1 9 , and 33 in bacteraemic patients at 

Boston City Hospital in 15 selected years between 1935 and 1974. Taken from Finland et al. (1977)

Table 1.2. Geographic distribution o f the most prevalent pneumococcal serotypes in Europe. The

five most prominent serogroups isolated from children under 5 years old are described (incidence is 

described in parentheses).

Country Rate/1000fo r  
IPD

Predominant
serotypes Reference

Greece

Denmark

(100/100 000) 

16.8/100 000

1 4 ,1 9 ,6 ,1 8 ,2 3  

1 ,4 ,6 ,7 ,9 ,1 4

(Syriopoulou et al. 2000)

(Henrichsen and Nielsen 2000; 
Kaltoft et al. 2000)

The Netherlands 8.2/100 000 3, 6 ,7 ,9 ,1 4 (Spanjaard et al. 2000)

UK 6.6/100 000 1 4 ,1 9 ,6 ,1 8 ,1 (Miller et al. 2000)

Sweden 5.8/100 000 9 ,1 9 ,5 1 ,6 , 23 (Eriksson et al. 2000)

Italy 1.1/100 000 1 4 ,6 ,2 3 ,1 ,4 (Principi and Marchisio 2000)

Spain N/a 6 ,1 9 ,2 3 ,1 ,1 4 (Fenoll et al. 2000)

n/a, not available
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These differences are thought to be due to the location of particular ethnic backgrounds. 

For example, persons in certain racial groups, including African-Americans, American 

Indians, Native Alaskans and Australian Aborigines, have all been shown to have an 

increased risk of disease (Butler and Schuchat 1999). A person’s socio-economic status is 

also said to be a risk factor (Butler and Schuchat 1999). Alternatively, these differences 

could be due to the differences in carriage (see §1.3.1), and the virulence of the 

predominant serotypes, since different capsular serotypes are known to differ in virulence. 

Serotype 3, for example, requires 1 cfu to kill 50 % of mice and rats, whereas serotype 37, 

which possesses a capsule composed of similar sugars and is the same size as serotype 3, 

requires 107 cfu to cause the same effect (Knecht et al. 1970). A 10 -year (1952 - 1962) 

study at a New York medical centre showed that 56 % of all deaths due to pneumococcal 

pneumonia were only caused by six serotypes (Austrian and Gold 1964). The 

pneumococcal vaccine, Pneumovax, is composed of 23 capsular serotypes and is designed 

to provide coverage of approximately 90 % of the most frequently reported serotypes from 

the US, Europe and East Africa (see §1.4.2.2 for more details).

These observations have led to the suggestion that geographic- and age-specific vaccine 

formulations should be manufactured (Austrian 1985; Lee 1987) but unless relatively low 

cost solutions are found, this aim will not become a reality.

1.4 Treatment

1.4.1 Antibiotics

In the 1960s, penicillin was fully effective against nearly all strains of S. pneumoniae, to 

such an extent that the surgeon-general at the time, William Stewart, felt confident enough 

to declare: ‘The time has come to close the book on infectious diseases. We have basically 

wiped out infection in the United States’ (Anonymous 2001). Even as he spoke, and 

increasingly, strains were being isolated that were resistant to not only penicillin, but also 

to erythromycin, macrolides, clindaycin and the quinolones (Baquero et al. 1991). A 3-year 

multi-centre surveillance study in the United States showed that nearly 20 % of strains 

(ranging from 13 % to 24 % between centres) isolated from IPD cases in children were 

resistant to penicillin and 7 % (ranging 0 % - 13 %) were resistant to ceftriaxone (Arditi et 

al. 1998). These authors also noted that the number of penicillin resistant strains and 

ceftriaxone resistant strains had increased over the same period (1993-1996) (Arditi et al.
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1998). Vancomycin used to be the last resort for the treatment of pneumococcal infections 

(because of dosing and tissue penetration issues) but, worryingly, strains resistant to 

vancomycin have also started to emerge (Novak et al. 1999). This can lead to dramatic 

treatment failure in some patients with pneumococcal infections. But what is the 

alternative to treatment? Traditionally, preventive measures, such as the use of vaccines are 

considered to be a relatively inexpensive and effective alternative approach to reduce the 

incidence of pneumococcal disease (Andrew et al. 1994).

1.4.2 Pneumococcal vaccines

As discussed in §1.2.2, anti-capsular IgG controls pneumococcal disease by opsonising the 

bacterium in preparation of host cell phagocytosis. Currently, immunisation is the only 

available practical tool to develop anti-capsular IgG, since antibodies are too expensive 

and difficult to administer (World Health Organisation 1999). Immunisation therefore aims 

to elicit antibodies against the polysaccharide capsule of the bacterium (Janeway et al.

1999).

1.4.2.1 “a specific soluble substance”

Carbohydrate vaccine research began in 1917 when Dochez and Avery stumbled across 

what they referred to as a ‘specific soluble substance’ secreted by pneumococci during 

growth (Dochez and Avery 1917). They had discovered pneumococcal capsular 

polysaccharide and soon after it was found that immunisation with purified capsular 

polysaccharide provided serotype-specific protection, in mice and humans (MacLeod et al. 

1945; Jennings 1990).

The impact of this discovery was not limited to S. pneumoniae and, since then, capsular 

polysaccharides have formed the target antigen for vaccines against organisms such as 

Group B Streptococcus, Haemophilus influenzae (Anderson et al. 1972), and Neisseria 

menigiditis (Frasch 1995). Yet it is not a vaccine strategy without its limitations.

1.4.2.2 Pneumococcal polysaccharide vaccines

Prior to the introduction of a pneumococcal vaccine, the protective efficacy of six and 

twelve valent vaccines (composed of purified capsular polysaccharide) was investigated in 

controlled studies of gold miners in South Africa, in whom there was a high attack rate for 

pneumococcal pneumonia (Smit et al. 1977). The number of cases caused by those
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serotypes included in the vaccine was observed for the period from 2  weeks to about 1 year 

after immunisation. The rates for pneumonia caused by the capsular types included in the 

vaccine decreased from 38.3/1000 to 9.2/1000 for the 6 -valent vaccine and from 22/1000 

to 1.8/1000 for the 12-valent vaccine (as shown in Table 1.3) (Smit et al. 1977). This 

shows that increasing the number of capsular types included does not decrease the overall 

protective efficacy of the vaccine.

Table 13 The rate of pneumonia cases in South African gold miners following immunisation

Number o f  Capsular 
serotypes in Vaccine

Rate/1000fo r  Pneumonia caused by 
Homologous Capsular serotypes Protective

Efficacy
Immunised Groups Control Groups

6 9.2 38.3 76%

1 2 1 . 8 2 2 . 0 92%

Taken from Smit et al. (1977)

In 1989 a commercial vaccine (Pneumovax, Pasteur Merieux, France) containing capsular 

polysaccharide from 23 of the most prevalent or invasive pneumococcal serotypes in the 

US and Europe (1, 2, 3, 4, 5, 6 B, 7F, 8 , 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 

19A, 20, 22F, 23F, 33F), was licensed for use in the United Kingdom (Kamerling 2000). It 

is given mainly to people over the age of 50 and to those with chronic heart, lung, or liver 

disease. It costs the National Health Service (NHS) £9.49 per dose (HTML1 2002).

Pneumovax consists of 25 pg of highly purified capsular polysaccharide from each 

serotype (Baxendale et al. 2000). Despite the vaccine representing only 23 of the 90 

different pneumococcal serotypes, and that protection is serotype-specific, this vaccine 

covers almost 90 % of the infections caused by S. pneumoniae in the United States 

(Kamerling 2000). However, as discussed earlier, large variations in the incidence of 

infections caused by particular pneumococcal serotypes can exist due to age and in 

different locations vaccine coverage can be considerably less (see §1.3) (Jennings 1990). 

Some studies have shown coverage rates among adults predisposed to infection (see 

§1.4.2.3) ranged from 11.8 % (aged 18 - 4 9  years) to 20.1 % (aged 50 - 64 years) in 1995
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(Singleton et al. 2000), and remained low (19.1 %) among persons aged 1 8 - 6 4  years in 

2002 (Willis etal. 2005).

Unfortunately, the Pneumovax vaccine does not provide adequate protection to children <2 

years of age (who are at greatest risk of disease), in addition to immunocompromised 

patients and the extreme elderly (Klein 2000). Even in healthy adults, this vaccine only 

offers a protective efficacy of 60 - 70 % and, as explained in §1.4.2.3, this is even less in 

young children (World Health Organisation 1999). Furthermore, a gradual decline in 

antibody titre can be detected one year after a single immunisation of healthy young adults 

(Mufson et al. 1987). After five years antibody titres are about 75 % of their peak value 

and ten years after, the anti-capsular antibody remained high for only two out of six 

serotypes tested (Mufson et al. 1987). As a result, the Pneumovax vaccine has proved to be 

ineffective for the most at risk groups, and infections with S. pneumoniae continue to cause 

significant morbidity and mortality worldwide.

This lack of responsiveness among various high-risk groups is due to their inability to 

mount a T-cell dependent immune response to free polysaccharide antigens. This is 

discussed in §1.4.2.3.

1.4.2.3 Polysaccharides are T-independent antigens

Antigens can be classified as T cell dependant (TD) or T cell independent (TI) depending 

on the host’s response (Lesinski and Westerink 2001). TD antigens (proteins or peptides) 

produce an immune response that involves T cells and results in immunological memory. 

The protein antigen enters the cell (B cells, macrophages, and other antigen presenting 

cells) by phagocytosis, where it is degraded into peptides. Some of these peptides will 

associate with class II MHC molecules (see §1.5.1.4), which transports the bound peptide 

to the cell surface where the antigen is presented to helper T cells (Wood 2001). In 

response, cytokines released by the T cell help B cells proliferate and differentiate into 

antibody producing cells and memory B-cells (Wood 2001). Consequently, a strong 

antibody response against the protein antigen/infection is provoked. Helper T cells also 

possess a CD 154 receptor, which binds CD40 on the B cell to switch to the production of 

an alternative class of antibody (Wood 2001), such as IgG.
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There are two classes of T-cell independent (TI) antigen, TI-1 and TI-2, both of which 

induce a humoral response without the involvement of T cells (Lesinski and Westerink 

2001). TI-1 antigens, such as bacterial lipopolysaccharides, are potent B-cell mitogens, 

which directly induce non-specific polyclonal activation of B cells (Lesinski and 

Westerink 2001). TI-2 antigens, such as pneumococcal capsular polysaccharides, do not 

function as B cell mitogens but instead activate mature B cells by cross-linking surface 

exposed immunoglobulins (as shown in Figure 1.5) (Lesinski and Westerink 2001). The 

mechanism for immune responses to TI-2 antigens is not completely understood, but it is 

thought they provide a strong stimulus to activate the B cell to become an antibody 

secreting plasma cell in the absence of T cell help (Eales 1997; Lesinski and Westerink 

2001). However, as helper T cells are not involved, there is no antibody class switch or 

affinity maturation and only low affinity IgM is produced (Klein 2000). IgM is very 

efficient at fixing complement and this can provide protection against infection, but it does 

not provoke immunological memory or opsonise bacteria.

As stated previously in §1.4.2.2, infants cannot raise an antibody response to 

polysaccharide antigens efficiently. This is thought to be because TI-2 antigens only 

activate mature B cells and infants only have a repertoire of immature B cells (Eales 1997). 

Another reason for the high incidence of IPD in children could be because they have yet to 

develop a particular subset of B cells, known as B-l cells (or CD5 B cells). These cells 

respond to several TI antigens and antibodies that are of B-l cell origin and are reported to 

provide optimal protection from virulent pneumococcal infection (Shaw et al. 2000). B-l 

cells secrete high levels of anti-capsular polysaccharide IgM antibody upon primary 

response to the antigen, which are thought to act as innate opsonins (see §1.2.1). However, 

their precise role in host defence against S. pneumoniae remains uncertain and, although B- 

1 cells arise early in development, they do not make a fully effective response to 

carbohydrate antigens until about 5 years of age (Eales 1997).

To circumvent the problems associated with TI antigens, major research efforts have 

focussed on producing a vaccine in which the polysaccharide is chemically conjugated to a 

protein (Klein 2000).
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Table 1.4 A summary of the characteristics of a T-independent immune response

Produces a disproportionate amount o f IgM antibody

Is unable to provoke immunological memory and therefore cannot induce a booster 
response upon repeated immunisations

Produces an immune response which is short lived

Fails to produce high affinity antibody 

Taken from Klein (2000)

1.4.3 Polysaccharide-protein conjugate vaccines

Once protein and polysaccharide are conjugated, the polysaccharide acquires the 

immunogenic character of the protein carrier and is converted to a T-dependant (TD) 

antigen (Lesinski and Westerink 2001). This concept dates back to 1929 when Avery and 

Goebel conjugated S. pneumoniae serotype 3 polysaccharide to horse serum globulin 

(Goebel and Avery 1931). They noticed that immunisation with this conjugate was able to 

induce polysaccharide-specific antibody in rabbits previously unresponsive to the pure 

polysaccharide (Goebel and Avery 1931). It is thought that polysaccharide-specific B cells 

internalise the conjugate. Proteolysis of the carrier protein produces peptides that bind to 

class II MHC molecules and activate helper T cells (see Figure 1.4) (McCool et al. 1999). 

As a result, the B cells can mature to antibody producing plasma cells or into memory cells 

(Lesinski and Westerink 2001).

Polysaccharide conjugate vaccines have been introduced for Haemophilus influenzae type 

b, Neisseria meningitidis serogroup C and S. pneumoniae. A  brief review of the successes 

following their introduction is discussed in the following sections. It should be noted that 

conjugate vaccine developments against Group B Streptococci, Salmonella typhi, E. coli, 

Shigella sonnei and Shi.flexneri are also underway.
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Figure 1.4. The immune responses to polysaccharide antigens (A) The typical TI-2 immune response to a pneumococcal capsular polysaccharide antigen. (B) If it is 

conjugated to a protein such as diptheria or tetanus toxoid the polysaccharide acquires the immunogenic character of its carrier and is converted to a T-dependant (TD) 

antigen. Taken from Wood (2001).
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1.4.3.1 Haemophilus influenzae type b

The first ever polysaccharide-protein conjugate vaccine used in humans was against H. 

influenzae type b (Hib) (infections with other serotypes of H. influenzae (types a, c, d, e, f) 

are extremely rare) (Granoff et al. 1993; Cadoz 1998). In this example, the conjugate 

vaccine contains the polyribosyl ribitol phosphate (PRP) of the Hib capsule (Kelly et al.

2004). PRP is a TI antigen, but when it was conjugated to a variety of carrier proteins it 

became more immunogenic (see Table 1.5). The introduction of the PRP vaccine 

conjugated to tetanus or diphtheria toxoids were estimated to have led to a 90 to 100 % 

reduction in invasive disease in Finland, USA, Africa and the UK (Kelly et al. 2004). In 

the UK the number of cases of invasive Hib disease in those less than 5 years old fell from 

22.9/100 000 in 1990 to 0.65/100 000 in 1998 following the introduction of the Hib 

conjugate vaccines (McVemon et al. 2003). As shown in Table 1.5, the duration of 

protection offered by the vaccine was improved by administering booster doses (Kelly et 

al. 2004).

Table 1.5 Hib conjugate vaccine formulations

Vaccine Polysaccharide
size

Carrier protein Linkage Antibody response in 
infancy

PRP-D Medium Diptheria Toxoid 6 -carbon Moderate, after 2nd 
dose

HbOC Small CRM 1 9 7  mutant C. diptheria 
toxin protein None Good, after 2nd dose

PRP-
OMP Medium N. meningitidis protein 

outer membrane complex Thioether Moderate, after 2nd 
dose

PRP-T Large Tetanus Toxoid 6 -carbon Good, after 2nd dose

Taken from Kelly et al. (2004)

1.4.3.2 Neisseria meningitidis serogroup C

The UK was the first country to adopt the serogroup C meningococcal polysaccharide- 

protein conjugate vaccines into its routine immunisation schedule (Snape and Pollard 

2005). Three vaccines were licensed for use in humans in 2000: two consisting of N. 

meningitidis serogroup C capsular polysaccharide (MenC) conjugated to CRM 197 

(produced by Wyeth Vaccines and Chiron Vaccines) and one conjugated to tetanus toxoid 

conjugate (produced by Baxter) (Jennings 1990; Snape and Pollard 2005). Together these 

resulted in a 81 % reduction in the number of confirmed cases of invasive meningococcal
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C disease, from 537 cases in July 1998 to April 1999 to 103 in the equivalent period from 

2001 to 2002 (Miller et al. 2002).

However, concerns that immunisation against MenC alone may result in an increase in 

meningococcal disease due to non-C serogroups have arisen (Snape and Pollard 2005). Of 

the 9 known serogroups of N. meningitidis capsular polysaccharide, the majority of 

meningococcal strains associated with epidemics or outbreaks are in groups A and C 

(Lesinski and Westerink 2001). Therefore, combination conjugate vaccines (containing A, 

C, Y, and W polysaccharides) are thought to be the way forward. Clinical trials are 

currently underway, and it is likely these broadly protective vaccines will become available 

in the near future (Snape and Pollard 2005). A bivalent menAC polysaccharide-protein 

conjugate has already been developed (Anderson et al. 1994; Twumasi et al. 1995). 

However, no vaccine has yet to be effective against group B polysaccharide, even after 

conjugation to a carrier (Lesinski and Westerink 2001).

1.4.3.3 Streptococcus pneumoniae

As stated previously, Avery and Goebel pioneered the concept of polysaccharide conjugate 

vaccines back in 1929, by conjugating serotype 3 PnCPS to horse serum globulin (Goebel 

and Avery 1931). However, the coupling procedures they used (diazotization of p- 

aminobenzyl ether substituents on the polysaccharide) were too drastic to be used on some 

of the highly sensitive polysaccharides currently used in human vaccines (Jennings 1990) 

and so it wasn’t until very recently that a licensed pneumococcal conjugate vaccine 

(PCV7) became available. This vaccine, known as Prevenar (PCV7) (Wyeth-Lederle 

Vaccines and Paediatrics), consists of 7 pneumococcal capsular polysaccharides (serotypes 

4, 6 B, 9V, 14, 18C, 19F, 23F) conjugated to a non-toxic variant of diptheria toxoid 

(CRM1 9 7) (Kamerling 2000).

PCV7 is proving to be success (Brown 2001; Shields 2001; Kaplan et al. 2004). A 9-year 

surveillance study of all invasive infections caused by S. pneumoniae among children in 

the United States showed that the annual number of invasive pneumococcal infections for 

children <2 years of age declined by 6 6  % (from 1994 to 2002) following the introduction 

of PCV7 (Kaplan et al. 2004). The number of cases caused by those serogroups included in 

the vaccine declined further, by 77 % in 2002 (Kaplan et al. 2004).
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The PCV7 vaccine has been shown to cover 80 -  90 % of childhood IPD in USA, Canada, 

and Australia (Hausdorff et a l 2005). In Europe and Africa the highest serogroup coverage 

reported was 75 %, and Latin America and Asia have reported coverages of approximately 

65 % and 50 % respectively (Hausdorff et a l 2005). Other pneumococcal conjugate 

vaccines are being evaluated (Lesinski and Westerink 2001). Kaltoft and colleagues 

showed that including more serotypes (PCV7 plus serotypes 1 and 5) in the vaccine 

formula (PCV9) increased the coverage in Denmark from 61 % to 70 % in 0 - 6  year olds 

(Kaltoft et a l 2000). An 11-valent vaccine (PCVI1, PCV7 plus serotypes 1, 3, 5, and 7F) 

further increased the coverage to nearly 80 % in USA, Canada, Australia, Europe, Africa, 

Latin America and Asia (Kaltoft et a l 2000; Hausdorff et a l 2005). Despite the success of 

increasing the valency it is though a pneumococcal conjugate vaccine including > 1 1  

individual serotypes is unlikely, due to antigenic competition (Lesinski and Westerink 

2001).

1.4.4 Problems associated with pneumococcal conjugate vaccines

1.4.4.1 High cost

The introduction of the Hib conjugate vaccine to non-industrialised countries (Qatar, 

Kuwait, Chile, Uruguay) showed vaccine cost is a prominent issue in its uptake and the 

largest single obstacle to its wider use (Wenger et a l 1999). Three of the four countries 

investigated noted cost as the major factor in the decision making process (Wenger et a l

1999). The new 7-valent pneumococcal conjugate vaccine (PCV7) is the most expensive 

vaccine introduced to date. It costs £49 per dose (McIntosh et a l 2003) and 3 doses are 

required to obtain complete protection. Yet, it is those countries with the highest incidence 

of disease that are least able to afford vaccines and, importantly, the current vaccine may 

have limited potential in these countries, since the vaccine has been designed for the 

western market and the serotypes it covers may not be the most prevalent in developing 

countries.

The price of this vaccine is high due to the complicated and expensive production methods. 

These include the purification of polysaccharide, the need for multiple protein conjugations 

(see § 1 .4.4.2 for more details) and the quality control issues (including the removal of any 

toxins) (Klein 2000).
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1 .4.4.2 Serotype replacement

One problem associated with conjugate vaccines is the need for multiple conjugations. 

Increasing the coverage (including as many of the 90 different pneumococcal serotypes as 

possible) would further increase the end cost. But low serotype coverage increases the 

opportunity for serotype replacement (Mbelle et al. 1999). Kaplan and colleagues noted 

that after the introduction of PCV7, the number of isolates caused by the serogroups not 

included in the vaccine increased by 28 % in 2 0 0 1  and by 6 6  % in 2 0 0 2 , in particular 

serogroups 15 and 33 (Kaplan et a l 2004). This means that eventually there would be a 

reduction in vaccine coverage in this area. An alternative solution would be to develop 

specific vaccine formulations and doses to accommodate different populations, age groups, 

and geographical areas (Klein 2000). However, this is also an expensive approach and 

there is no guarantee this would be as successful as PCV7, since conjugate vaccine 

antigens are not created equally; each conjugated antigen is a unique, separate vaccine with 

different immunological properties and the capsular polysaccharides may behave 

differently when conjugated to a larger protein and in the presence of many different 

antigens (Klein 2000).

Despite these difficulties, polysaccharide-protein conjugates remained the preferred 

approach for human immunisation against bacterial polysaccharide antigens. This thesis 

describes two alternative approaches: one to improve pneumococcal vaccine manufacture 

and another method to tackle the poor immunogenicity of pneumococcal polysaccharides. 

These approaches will be discussed in the next two parts of this chapter.

Part A: Peptide Mimicry

Mimic or mimotope?

The terms 'peptide mimic * and 'peptide mimotope ’ are used throughout this thesis. The 

classification depends on the immunological properties o f the antigen. Peptides that mimic 

and compete with the native antigen fo r  antibody binding will be referred to as mimics; i f  

they are able to induce antibodies with the same biological activity (for example bacterial 

opsonisation) as the antibody used as template, they will be called mimotopes.
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1.5 Novel vaccine strategies to polysaccharide antigens

As discussed in §1.4.2.3, pneumococcal capsular polysaccharide is a T-independent type 2 

(TI-2) antigen, and is not an ideal vaccine candidate since it does not produce memory or 

require T cell help to elicit an immune response (Lesinski and Westerink 2001).

Antibodies directed against capsular polysaccharides protect against pneumococcal 

infection (Griffith 1928; MacLeod et al. 1945) and therefore the antigens they recognise 

are attractive vaccine candidates. So, to overcome the problems associated with its TI 

nature, vaccine strategies against capsular polysaccharides have focused on attempting to 

convert the TI-2 immune response to that of a TD immune response (Lesinski and 

Westerink 2001). These strategies include conjugating the protein to a carrier protein, 

which was discussed in §1.4.3, anti-idiotypic antibodies and peptide mimics of 

polysaccharide antigens (Lesinski and Westerink 2001). The latter two strategies use the 

concept of molecular mimicry, which will be discussed in the following sections.

1.5.1 Molecular mimicry

Nearly 30 years ago molecular recognition, the specific recognition of one molecule by 

another, was recognised as a major driving force of life (Manning 1976). Figure 1.5 

illustrates the principle of molecular mimicry, which is thought to occur in three different 

ways: conformationally (the two antigens have the same shape), immunochemically (both 

antigens share identical patterns of antibody binding) and immunogenically (both antigens 

elicit a similar immune response) (Baxendale et al. 2000). Not surprisingly, it directs the 

discovery of prime targets for the pharmaceutical industry and biomedical research 

(Meloen et al. 2000). In particular, antibodies that recognise protective B- and T cell 

epitopes have been utilised to identify mimics of the native antigen.

As shown in Figure 1.5, an antibody-binding site only binds a small proportion of the total 

antigen molecule. In terms of proteins it recognises amino acid sequences of about 6 - 1 5  

residues in length (Harlow and Lane 1988). Therefore it is not necessary to mimic the 

whole antigen, but instead a molecule representing the ligand involved in the recognition 

event could be used (Meloen et a l  2000). This means that discontinuous epitopes can also 

be mimicked (Meloen et al. 2000). The majority of interaction sites are discontinuous (i.e. 

epitopes located on different parts of the primary structure that are brought near each other
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due to folds in the molecule). Anti-idiotypic antibodies, and peptide mimics of 

polysaccharide antigens have been produced by using molecular mimicry to linearise 

sequences of discontinuous epitopes recognised by mAbs specific for polysaccharide 

antigens (Lesinski and Westerink 2001). These types of vaccines (which will be discussed 

further in the following sections) have an advantage over polysaccharide-based vaccines 

since antibody molecules and peptides are TD antigens, and able to stimulate a memory 

immune response. This means that it could be possible to find a pneumococcal vaccine that 

can stimulate an anti-polysaccharide antibody production but is immunogenic like a 

protein.

-'4 1 ^

Figure 1.5. The principle of molecular mimicry. The native antigen (epitope) and the peptide (mimotope), 

here displayed on the surface of a filamentous phage, both occupy the same antigen-binding site of the 

antibody (Ab). MIMO therefore, mimics the structural characteristics of TOPE. This diagram was modified 

from that of Partidos (2000)

1.5.1.1 Anti-idiotvpe vaccines

The specific antigen-binding site of an antibody molecule, or its variable region, is often 

referred to as the idiotypic determinant (Id). Antibodies raised against a specific antibody 

idiotype (anti-idiotypes) have been shown to mimic the conformation and shape of a 

protective epitope of an infecting agent even if this is lipid, carbohydrate or glycolipid in 

nature (Brown et al. 1993). Therefore, if the native antigen protects against disease caused 

by the pathogen, it could be assumed that an anti-id would display identical binding 

characteristics as the epitope and could elicit the same response upon immunisation. The 

first example of this biological phenomenon was reported in 1978 when Sege and Peterson
24
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developed an anti-id against insulin (Sege and Peterson 1978). They demonstrated that the 

anti-id mimicked the biological actions of insulin, by regulating blood glucose level. They 

also showed that anti-id mimics of insulin bound insulin receptors on rat intestinal 

epithelial cells and blocked the uptake of insulin by these cells (Sege and Peterson 1978). 

Since this discovery, anti-idiotypic antibodies have been, and are being used to identify 

immunogenic mimics of viral, bacterial and parasitic pathogens (Lesinski and Westerink 

2001) including hepatitis B virus (Rajadhyaksha and Thanavala 1995), Neisseria 

gonorrhoeae (Gulati et al. 1996) and Schistsoma mansoni (Grzych et al. 1985). Westerink 

and colleagues developed an anti-idiotype monoclonal, known as 6F9, that mimicked 

meningococcal group C capsular polysaccharide (MCP) (Westerink et al. 1988). This mAb 

was defined as a ‘true mimic’ of MCP since human serum demonstrated 100 % inhibition 

of binding to MCP in ELISA when pre-incubated with 200 pg ml' 1 6F9 (Westerink et al. 

1988). Furthermore, mice immunised with mAb 6F9 were protected against infection with 

serogroup C meningococci (Westerink and Giardina 1992).

However, there are a number of disadvantages to the anti-id vaccine strategy, in particular 

the vaccine is restricted to a single or few epitopes, which may not be enough to protect 

against some organisms. Another significant limitation is the possibility that the multiple 

use of anti-idiotypes antibodies could led to the development of antibodies to the constant 

region of the immunoglobulin (the hinge and Fc portion). This might prejudice subsequent 

immunisations, and antibody-antigen complexes of this region could lead to 

immunopathological damage (Mackett and Williamson 1995).

1.5.1.2 Peptide mimics

Peptide mimicry takes the principle of anti-id vaccines (that antibodies recognise a 

molecular shape rather than a particular chemical formula (Kieber-Emmons 1998)) a step 

further. Like anti-ids, peptide mimicry entirely substitutes the TI epitope with a TD one, 

and mimic the binding properties of native antigens (see Figure 1.5). However, unlike anti- 

ids, peptide mimotope vaccines are sequences selected from a pool of short random amino 

acid sequences (peptides). Antibodies raised against a specific epitope can be used to select 

mimics of that epitope from a library of different molecular shapes. Peptide mimotopes of 

some bacterial polysaccharides have already been shown to ( 1 ) structurally mimic 

carbohydrate antigens; (2) induce carbohydrate-reactive B- and T-cell responses after
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immunisation; and (3) after priming, enhance responses upon boosting with carbohydrate 

(Kieber-Emmons 1998). This is discussed further in §1.5.2.2.

1.5.1.3 Advantages to peptide mimicry

Peptide antigens offer a number of advantages over carbohydrate and anti-id vaccines.

• Due to their TD nature, peptide mimics are highly immunogenic, if conjugated to a 

larger protein, and can induce immunological memory (Lesinski and Westerink 

2001).

• They are cheap and easy to produce and require little downstream processing 

(Lesinski and Westerink 2001).

• The peptide product is stable at ambient temperatures, and can be stored as a 

freeze-dried powder over prolonged periods (Partidos 2000) eliminating the need 

for cold chain storage and handling from manufacturing to administration (Lesinski 

and Westerink 2001).

• The vaccine is defined in chemical terms and is free of nucleic acid contamination 

(Lesinski and Westerink 2001).

• They can be designed to stimulate broad immunity to cover different strains or 

serotypes (Partidos 2000).

• They can be formulated to include several T-cell epitopes covering the MHC 

haplotypes for immunising an outbred population such as humans (see §1.5.1.4) 

(Partidos 2000).

• Peptide mimics elicit a predetermined type of immune response. Therefore 

undesired epitopes and side effects can be avoided. (Meloen et al. 2000; Partidos 

2000).

These advantages have led to the suggestion that peptide mimotope vaccines may lead to a 

breakthrough in the area of vaccines required for inducing anti-polysaccharide antibodies 

(Meloen et al. 2000).

1.5.1.4 Limitations of peptide vaccines

There are some important limitations to peptide mimic vaccines that need to be considered. 

As discussed in §1.4.2.3, the antibody response to a protein antigen requires the 

involvement of helper T cells. Briefly, to summarise, after internalisation protein antigens
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are broken down into peptides, some of which associate with class II MHC molecules 

(Wood 2001). The MHC-antigen complex is then transported to the cell surface where the 

antigen is presented to helper T cells (Wood 2001). Once bound, the T cell releases 

cytokines which help B cells proliferate and differentiate into antibody producing cells and 

memory B-cells (Wood 2001). Importantly, a T cell cannot recognize a foreign antigen 

unless it is presented in the context of an MHC protein.

The human and mouse MHC molecules are known as HLA (human leukocyte antigens) 

and H-2, respectively. For the purposes of this study, the organisation of the MHC class II 

proteins in humans will be discussed. The MHC class II molecules consist of two non- 

covalently linked glycosylated polypeptides, called a and p. These two chains form a large 

groove, within which the MHC molecule binds foreign antigens of around 12-16 amino 

acids long. The genes that encode the a- and p-chains are arranged into three pairs of loci, 

called HLA-DQ, -DP and -DR on chromosome 6. The organisation of these genes is shown 

in Figure 1.6.
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Figure 1.6. The organisation of hum an MHC (HLA) genes. The genes coding the class II MHC 

molecules are arranged into three pairs of loci, called DQ, DP and DR and each contain a a-gene, 

which codes for the a-chain, and a p-gene, which codes for the p-chain. This is highlighted by grey 

boxes. Furthermore, the DR locus may contain one or two DRB genes, each coding for a separate P- 

chain . Therefore an individual possesses a DRB1 allele alone or a DRB1 allele plus one of DRB3, 

DRB4, or DRB6 . Diagram modified from that in Wood (2001).
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The DP and DQ loci each contain a functional a-gene, which codes for the a-chain, and a 

functional p-gene, which codes for the p-chain (this is shown in Figure 1.7 with each 

molecule highlighted by grey squares). The DR locus is more complicated than DP and 

DQ; it contains one functional a-gene, but different versions of the locus contains one or 

two functional DRB genes, each coding for a separate p-chain (not shown on Figure 1.7). 

Therefore an individual can express at least 6  different MHC proteins. The number of 

proteins is higher in an outbred population, since MHC genes are expressed co-dominantly. 

Like any other gene, individuals inherit one copy of an MHC gene from their mother and 

one from their father. Therefore, if two different alleles of a gene are inherited (as is likely 

the case given the extreme polymorphism demonstrated in these genes (see below)), an 

individual will make both forms of the protein. This is not the case for inbred populations, 

since both alleles are the same (Wood 2001).

Because of the limited individual variation, the MHC proteins do not recognise every 

antigenic peptide with an individual MHC molecule as TCRs and antibodies do. Instead 

the peptide-binding groove recognises particular patterns of binding. The peptides that can 

bind MHC class II molecules are defined by anchor residues within its sequence (Janeway 

et al. 1999). For example, peptides with sequences such as xxDxxxYxx, xxxxDxxxYx or 

xxxExxxYx may be recognised by the same MHC molecule, since all the peptides share a 

negatively charged residue (aspartic acid (D) or glutamic acid (E)) located three positions 

away from an aromatic residue (tyrosine (Y)) (Janeway et al. 1999). This means that it is 

usually possible to detect which sequence will bind a particular MHC class II molecule 

based on their pattern of binding (Janeway et al. 1999).

As stated above, MHC genes exhibit extreme polymorphism between individuals. Some 

MHC loci in humans have over one hundred alleles and the amino acid sequence between 

alleles can vary by more than 20 amino acids. This is a big problem for peptide vaccine 

research as, consequently, some peptide antigens will not be recognised by some MHC 

alleles and will therefore appear invisible to the immune system of some individuals. On 

the other hand, some peptide sequences can bind to many MHC class II alleles albeit with 

different avidity, implying that the same peptide can immunise individuals of diverse MHC 

haplotypes. These types of peptides are infrequent and generally this is a problem in 

vaccine development (Schuler-Thumer et al. 2002). Therefore, in an outbred population, a
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single peptide mimotope is unlikely to work as a vaccine; instead it may be necessary to 

use a vaccine composed of multiple peptide sequences.

1.5.2 Identifying peptide mimics

As previously discussed in §1.5.1.2, the detection of peptide mimics begins with the 

identification of an antibody that binds to the epitope of interest. The antibody is then used 

to select peptides that mimic that epitope. For developing mimics to polysaccharide 

antigens, this generally occurs by one of two methods: one based on the structure and 

sequence of the anti-idiotype antibody, the other based on the use of random peptide 

libraries. These methods and examples of their success will be discussed in the following 

sections.

1.5.2.1 Design of mimics based on the sequence of the anti-idiotvpe antibody 

One way to identify mimics is to construct peptides using the protein sequence of the 

variable region of the anti-idiotypic antibody (see §1.5.1.1). As described previously, 

Westerink and colleagues developed an anti-idiotype mAb (6F9) that mimicked 

meningococcal group C capsular polysaccharide (MCP) (Westerink et al. 1988). They 

went on to analyse the sequence of the variable regions, V l  and V h ,  of the mAb 6F9 and 

delineated potential immunogenic regions using computer-assisted molecular modelling 

(Westerink et al. 1995). The analysis, known as surface simulation (Meloen et al. 2000), 

has been used to develop peptide mimics based on the three dimensional structure of anti- 

id. Westerink and colleagues demonstrated the presence of several potentially 

immunogenic epitopes that included a unique sequence region of the complementary 

determining region 3 (CDR3) of the Vh of 6F9 (Westerink et al. 1995). Immunisation with 

the peptide spanning this region of the anti-idiotypic antibody produced an anti-MCP 

response that was significantly greater than that achieved from immunisation with the 

native antigen, MCP (Westerink et al. 1995; Prinz et al. 2003). The immunogenicity of the 

peptide was further enhanced following conjugation to a carrier protein and 1 0 0  % of the 

BALB/c mice that received four doses of this conjugate survived challenge (Westerink et 

al. 1995). They also showed that immunisation led to a faster clearance of bacteria, as no 

bacteria were recovered from the blood of infected mice 24 hours after challenge. This 

indicated that the peptide induced a protective, TD antibody response (Westerink et al.

1995).
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1.5.2.2 Selection of peptide mimics using random peptide libraries

It is impossible to know how many epitopes there are in nature. It is, however, possible to 

calculate an estimate of the number of potential epitopes. There are 20 different amino 

acids. This means that the structure/sequence of a completely undescribed antibody- 

binding site, which can bind sequences up to 15 amino acids in length, has the capacity to 

recognise in excess of 3 x 1019 peptide sequences (the number of permutations of 20 amino 

acids in 15 spaces), although some residues share similar binding properties. Therefore for 

the antibody to select a binder (mimic), a peptide library should represent a large number 

of epitopes.

1.5.2.3 Synthetic peptide libraries

Synthetic libraries were the first method used to identify peptide mimics or mimotopes 

(Geysen et a l 1984; Geysen et a l 1985; Geysen et a l 1986). These libraries have a major 

disadvantage in that they represent only a small array of peptides, since large synthetic 

libraries could not be produced at that time (Meloen et a l 2000). Therefore, their use was 

mainly out of necessity, although some researchers have found advantages to using small 

libraries. This is because, unlike recombinant libraries, which suffer from a much lower 

signal to background noise ratio (see §1.5.2.4) many weakly binding peptides can be 

obtained from synthetic peptide libraries (Meloen et a l 2000). This is beneficial, since the 

characteristics of these peptides can be used to define a ‘quality’ array of mimics. Repeated 

screening of this array with the antibody produces peptides with improved binding 

properties until peptides with appropriate binding properties can be obtained (Meloen et a l

2000). In this way the need for large libraries is circumvented (Meloen et a l 2000). 

Nevertheless I found no published examples of this type of library being used to screen for 

peptide mimics of polysaccharide antigens, and the majority of successful examples have 

been obtained using recombinant libraries.

1.5.2.4 Recombinant peptide libraries.

Recombinant peptide libraries have the capacity to represent a much larger number of 

peptides than synthetic libraries. Recombinant libraries have been constructed in bacteria 

(e.g. Streptococcus gordonii, (Maggi et a l 2002)), but the majority of successful examples 

in the literature have been obtained by screening peptide libraries displayed on the surface 

of filamentous phage (e.g. fd (Smith 1985; Parmley and Smith 1988) and M l 3 (Felici et al 

1991; Meloen et a l 2000). This is because using phage libraries increases the number of
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clones that can be handled in a single experiment 1 0 0 0 -fold compared to synthetic 

libraries. Phage libraries are also relatively easy to produce and use (see §1.5.3 for 

construction of phage libraries) (Meloen et al. 2000).

Bacteriophage are viruses capable of infecting prokaryotic cells (Madigan et al. 1997). The 

phage genome of the filamentous phage M l 3 and, similarly, the fd phage (which have both 

been used to construct peptide libraries), consists of single stranded circular DNA (Gao et 

al. 1999), which encodes all ten phage proteins that are involved in replication, 

morphogenesis, and the formation of the virus coat (Viti et al. 2000). In 1977 Messing 

discovered that the length of the coat proteins of M l3 reflected the size of the ssDNA it 

carried (Messing et al. 1977). In 1985, Smith demonstrated that when DNA coding for a 

peptide sequence was inserted into the pill coat protein gene it caused the filamentous 

phage fd to display the peptide as a fusion protein on its exterior surface (Smith 1985). 

Proteins as large as 50kDa have been displayed (Smith and Scott 1993).

Most phage display libraries are constructed by insertion of a random peptide sequence 

into either the pill (Smith 1985; Scott and Smith 1990) or the pVIII (Il'ichev et al. 1989; 

Iannolo et al. 1995; Malik et al. 1996) coat protein of the fd or M l3 phage (Lesinski and 

Westerink 2001). Libraries have also been constructed using the pVT (Jespers et al. 1995), 

pVII and pIX (Gao et al. 1999) coat proteins of M l3. These libraries contain >107 clones, 

each of which displays a unique peptide sequence (Lesinski and Westerink 2001). Using 

monoclonal antibodies or polyclonal antisera, the phage library can be screened by 

successive cycles of selection and amplification. A single round of this (affinity 

purification) can enrich antibody-binding phage by a factor of 105 (Lesinski and Westerink

2001). As a result, antibody-binding phage can be selected from a vast background of non

binding phage (see §1.5.4 for more details) (Smith and Scott 1993). Figure 1.5 illustrated 

how an anti-polysaccharide mAb could select a peptide that functionally mimicked a 

carbohydrate antigen.

Phalipon and colleagues described two immunogenic nonapeptide mimics (known as 

pi00c and pi 15) that were selected from a phage-display library using IgA monoclonal 

antibodies specific for the O-antigen of Shigella flexneri serotype 5a lipopolysaccharide 

(Phalipon et al. 1997). Immunisation with the phage-bound peptide induced an O-antigen 

specific immune response (Phalipon et al. 1997). Mice immunised with wild-type phage
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did not elicit an anti-LPS response. To examine whether these antibodies could play a role 

in protection against the development of disease, they were tested for their ability to bind 

the bacterium in vitro. As shown in Figure 1.7, peptide-induced sera from mice immunised 

with pi00c or pi 15 bound serotype 5a S. flexneri. The same sera did not bind to serotype 

2a bacteria, which was used as a control (Phalipon et al. 1997).

a b

Figure 1.7. Labelling of Shigella flexneri bacteria with peptide mimic-induced antibodies.

Labelling of S. flexneri serotype 5a (A) or serotype 2a (B) bacteria previously centrifuged and fixed 

onto coverslips was performed with sera of mice immunised with wild-type phage, pi00c, or pi 15. 

Rhodamine-conjugated goat anti-mouse IgG was used as a secondary antibody. Results shown in this 

figure were obtained with pi 15-induced antibodies (results from pi00c serum were the same as pi 15). 

Taken from Phalipon et al. (1997).

These results imply that immunisation with pi00c or pi 15 induced antibodies capable of 

specifically neutralising and disrupting the pathogenic process of serotype 5a S. flexneri. 

Similar results have been found using peptide mimics of Group B streptococcal type III 

capsular polysaccharide (Pincus et al. 1998) and Brucella LPS (De Bolle et al. 1999), both 

of which were selected from a phage-display library. In the case of the latter, four mAbs, 

named A15-6B3, A76-12G12, B66-4F9 and B66-2C8, directed against the O-chain of 

Brucella LPS were used to select peptide mimics from five different phage display 

libraries (De Bolle et al. 1999; Mertens et al. 2001). Interestingly, they found that those 

mAbs that bound the native antigen with high affinity (12G12 and 4F9) were poor targets 

for selecting peptide mimics, as biopanning with 12G12 resulted in the isolation of no 

binders. In contrast 6B3 and 2C8, that presented low affinity for LPS, selected plenty of 

positive clones (Mertens et al. 2001).
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All the mimics selected by mAbs 6B3 and 2C8 were shown to compete with LPS for the 

binding to the mAb (De Bolle et al. 1999). However, 95 % of mice immunised with the 

phage-bound peptide failed to produce any antibody that reacted with LPS (De Bolle et al. 

1999). These data suggested that the peptides may present different conformations, and 

only a few of which actually mimicked the O-chain of Brucella LPS (Mertens et al. 2001). 

This was thought to be due to instability of the peptide structure. For this reason some 

peptide libraries are structurally constrained, using two cysteine residues to form a 

disulphide bond, which circularises and stabilises the shape of the peptide. Investigators 

also often screen multiple libraries with a panel of mAbs and align the resulting sequences 

(Lesinski and Westerink 2001). Using this strategy, a consensus sequence can be obtained, 

or even a matched sequence from separate libraries (Lesinski and Westerink 2001). 

Additional peptides can then be constructed based on the sequence and success of 

previously selected peptides.

1.5.3 Construction of a phage display peptide library

As stated in §1.5.2.4, many phage display libraries have been constructed using the major 

coat protein pVIII of the M l 3 phage (Felici et al. 1991). Ml 3 is a lysogenic bacteriophage, 

which infects F ’ episome-bearing bacterial cells through binding of the adsorption end of 

the phage to the tip of the F pilus. The pilus retracts and the phage genome penetrates the 

bacterial membrane. As the bacterial cell replicates, it translates the phage genome, which 

is now double stranded, to produces all the phage proteins needed for complete 

construction of new phage particles (see Figure 1.8) (Felici et al. 1991).

The pVIII coat protein is preferred since it is present in more copies than any other coat 

protein. For example, pVIII is present in about 2700 copies per phage particle whereas the 

pill coat protein (as used by Smith (1985) and Scott et al. (1990)) is displayed in only 3 - 5  

copies. The N-terminal region of pVIII was used for recombinant protein expression for 

two reasons. Firstly, mutations in the C-terminus have been shown to interfere with phage 

infectivity (the C-terminus is involved in membrane anchorage) (Smith and Scott 1993). 

This means that such phage could not be selected from panning and be amplified via 

bacterial infection (see §2.5.3). Secondly, as the N-terminus is on the exterior and is next 

to a hydrophobic region, the inserted peptide will be displayed on the outside of the phage 

and can therefore be tested for antibody binding (Smith and Scott 1993).

33



Introduction - Part A

Table 1.6 An overview of attempts to develop mimotopes against bacterial polysaccharide antigens

Antigen Method Mimic Mimotope Protection Reference

Polysaccharide conA ligand Phage display 
library

+ - ND

Group C meningococcal 
polysaccharide

CDR3- anti 
idiotype mimic

+ + + (Westerink et al. 
1995)

C. neoformans polysaccharide Phage display 
library

+ + ND (Valadon et al. 
1996)

Shi. flexneri 5a LPS Phage display 
libraiy

+ + ND (Phalipon et al. 
1997)

Streptococcal polysaccharide Phage display 
library

+ + ND (Pincus et al. 
1998)

Group B meningococcal 
polysaccharide

Phage display 
library

+ - ND (Moe et al. 1999)

Brucella LPS Phage display 
library

+ + ND (De Bolle et al. 
1999)

Serotype 4 pneumococcal CPS Phage display 
library

+ - ND (Lesinski et cd. 
2 0 0 1 )

Serotype 6 B pneumococcal 
CPS

Phage display 
library

+ ND (Shin et al. 2002)

(-) Indicates a negative result (ND) indicates that the property was not investigated 

Adapted from Meloen et al. (2000).

pVH«-plX

Figure 1.8. The morphology of wild-type and recombinant M13 filamentous phage. This diagram 

identifies the coat proteins pill, pVI, pVII, pVIII, and pIX, which have been previously modified to display 

random peptide and create libraries of peptide antigens. (A) shows the wild-type phage. (B) shows the 

recombinant phage with the additional oligopeptide displayed on the pVIII coat protein. This diagram was 

provided by F. Felici.
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1.5.3.1 Phagemid vectors

Felici and colleagues developed a phage display peptide library by constructing a 

phagemid vector that encodes the M l3 phage coat protein gene,pVIII, under the control of 

the pLac promoter (Felici et al. 1991). The vector, known as pC89, contains both phage 

and plasmid (hence the name phagemid) origins of replication (fl and ColEl, respectively), 

which allow expression of antibiotic resistance markers in transformed bacteria and 

expression of the recombinant phage coat protein. Figure 1.9 shows the pC89 vector map.

Ptac

PC89 
3488 bp

Figure 1.9. The phagemid pC89. This vector contains the pVIII phage coat protein gene. Insertion of 

random coding sequences between the EcoR I and BamH I restriction sites of this gene allows random 

peptide sequences to be displayed on the surface of the phage. This diagram was provided by F. Felici

Felici and colleagues inserted random oligonucleotide coding sequences into the pVIII 

gene, between the EcoR I and BamH I restriction sites (Felici et al. 1991). This meant that, 

once transformed, peptides of varying lengths were displayed on the surface of the 

recombinant phage (Felici et al. 1991). However, pC89 does not contain the complete 

genome of M l3. To replicate a complete recombinant phage particle a helper phage 

(known as M l3 K07) is needed. The single stranded DNA of both phage are quickly 

converted to double stranded DNA upon entry to the cell (by cellular enzymes) and 

replication begins. However, M l3 K07 has a mutated pll (coat protein II) origin of 

replication (Barbas et al. 2001). This means that preferential replication of the recombinant 

phage pll, which does not display this mutation, and therefore the complete construction of

35



Introduction - Part A

new recombinant phage particles will occur. In doing this libraries containing up to 9.4 x 

10 independent clones have been produced (Felici et al. 1991).

1.5.4 The Recovery of Specific Peptide Mimics

Phage-displayed peptide mimics are often isolated by affinity selection (Harrison et al.

1996). The principle of phage selection is outlined in Figure 1.10. Basically, an antibody 

raised to the native antigen is fixed to a solid support or column. The phage library is then 

passed through the column and the peptides that recognise the antibody paratope, and 

therefore mimic the native antigen bind to the antibody and remain in the column. The 

unbound phage (non-mimics) are washed away and the bound phage are eluted and 

propagated by infection of competent bacteria (Viti et al. 2000).

Typically, three or four rounds of affinity purification are needed to obtain a suspension in
1 7which reactive clones predominate. To achieve this, an input of 10 TU (transducing units 

of phage) for each round is usually required to obtain an output of 105 - 108 TU. This has 

been shown to result in a 1 0  - 1 0 0  fold increase in the number of reactive clones after the 

third or fourth round (Barbas et al. 2001).

1.5.5 The aims

At the start of this study there were no published examples of peptide mimic vaccine 

candidates for S. pneumoniae. Since then, two studies have developed mimics to serotype 4 

(Lesinski et al. 2001a) and 6 B (Shin et al. 2002) pneumococcal capsular polysaccharide 

(Table 1.6). Both studies reported the production of cross-reactive anti-polysaccharide 

antibodies upon immunisation (Lesinski et al. 2001a; Shin et al. 2002). This was one aim 

of our investigation. Also, Westerink and colleagues indentified a mimotope that induced a 

protective immune response against capsular polysaccharide of N. meningitidis (Westerink 

et al. 1995). There are no reports of mimotopes that can induce protection against 

pneumococcal disease. One of the aims of this project was to identify mimics of 

pneumococcal capsular polysaccharide that could induce protection against disease upon 

immunisation.
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NEXT PANNING 
CYCLE

PEPTIDE LIBRARY 
ON PHAGE

ANTIBODY COLUMN
AMPLIFICATION

AND
INFECTION

WASH

IDENTIFICATION 
OF POSITIVE 

CLONES

Figure 1.10. A schematic representation o f the selection o f peptide mimics from a phage-display 

library. Phage are passed through an antibody column. The phage with the desired binding specificity 

remain bound to the antibody immobilised on the support. Those that do not bind are removed by washing. 

After several rounds of panning, peptide mimics can be identified by immunoscreening, see §1.5.4. This 

diagram was modified from Viti et al (2 0 0 0 ).
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P art B: Heterologous expression of pneumococcal polysaccharide in vlanta

1.6 An alternative vaccine production system

In the past, most medicinal compounds were derived from plants. Then about 60 years ago, 

the pharmaceutical industry began generating new drugs synthetically in the lab and this 

has remained the case since (Moffat 1995). Today, with the development of biotechnology, 

plants are reclaiming their therapeutic potential, in part by becoming a useful system for 

vaccine production. Plant systems were preferred because of the advantages they offer over 

cell-culture based expression systems (Mason and Amtzen 1995). Currently, cell-culture 

based expression systems such as genetically engineered bacteria, yeast, and insect cells 

are the most common large-scale production systems for proteins, since these organisms 

are relatively easy to manipulate and have rapid predictable growth (Richter and Kipp

1999). However, the recombinant proteins they express need to be extensively purified to 

remove toxins or pyrogens and these processes add to the overall production cost (Richter 

and Kipp 1999).

The main advantage of producing vaccines in transgenic plants is the ability to directly use 

edible plant tissues for oral immunisation without purification, removing the need for 

expensive down-stream processing (Richter and Kipp 1999). Furthermore, the ability to 

grow plants on a large scale introduces extra economies of scale that will drive down costs, 

this being the most important factor to consider when developing a vaccine for third world 

countries.

Transgenic plants are already recognised as a valuable expression system for the 

production of proteins. The idea was first discussed in 1990 in a patent application which 

reported the expression of a surface protein of Streptococcus mutans surface protein 

antigen A (SpaA) in tobacco plants (Curtiss and Cardineau 1990). Although no further 

details of this study have been reported, it paved the way for others, including the 

expression of Hepatitis B virus surface antigen (HbsAg) (Mason and Amtzen 1995; Gao et 

al. 2003), enterotoxins such as E. coli heat-labile enterotoxin B subunit (LTB) (Haq et al. 

1995; Mason et al. 1998; Lamphear et al. 2002), and a M. tuberculosis antigen (ESAT-6 ) 

(Rigano et al. 2004) in plants. A summary of recent developments is shown in Table 1.7.
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Table 1.7 Chronological Overview o f Some Recent Plant Systems Developed for Antigen Expression

Antigen Plant Expression 
System Expression Antibody

response Reference

LT-B o f enterotoxigenic E. coli Tobacco and 
Potato

+ + (Haq etal. 1995)

LT-B o f enterotoxigenic E. coli Potato + + (Mason et al. 1998)

Hepatitis B surface antigen 
(HbsAg)

Potato + + (Richter et al. 2000)

N-terminal domain of the spike 
protein (S) from Coronavirus Tobacco + + (Tuboly et a l  2000)

N-terminal domain o f the spike 
protein (S) from Coronavirus

Potato + + (Gomez et al. 2000)

VP1 epitope o f foot and mouth 
disease virus

Potato + - (Carrillo et al. 2001)

B subunits of the cholera toxin 
of Vibrio cholerae Tomato + ND (Jani et al. 2002)

LT-B o f enterotoxigenic E. coli Maize + + (Lamphear et al. 
2002)

Hepatitis B surface antigen 
(HbsAg) Tomatillo + -/+ (Gao et al. 2003)

(-) Indicates a negative result or that the property was not investigated, (-/+) indicates only a booster response 
was noted (ND) not done.

1.6.1 Plants that have been used for recombinant vaccine production

Typically, readily transformed plant species such as tobacco, potato, tomato and maize 

(Haq et al. 1995; Mason et al. 1998; Jani et al. 2002; Lamphear et al. 2002) have been 

used for in planta recombinant protein expression (Richter and Kipp 1999). Historically, 

transgenic work was carried out in tobacco due to its ease of transformation, rapid growth, 

and robust regeneration (Richter and Kipp 1999). However, recently novel transformed 

species, such as banana (May et al. 1995), com, leek (Eady et al. 2005), garlic (Eady et al.

2005), lettuce, walnut and others have been used for the same purpose (Sala et al. 2003). 

This is because transgenic tobacco tissue is not an ideal material for oral vaccine delivery 

since it contains high levels of toxins, such as alkaloids and nicotine, although low alkaloid 

varieties do exist (Richter and Kipp 1999) and immunisations with recombinant plant 

tissues have not been shown to cause adverse effects (Modelska et al. 1998). The novel 

plant species benefit from having edible, palatable tissue, which can be fed to animal 

subjects (such as mice) uncooked. This is discussed further in §5.9.3.
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1.6.2 Plant transformation and expression vectors

Transgenic plants are commonly produced by two methods, Agrobacterium-rnQdiated gene 

transfer (Valentine 2003) or particle bombardment (Takeuchi et al. 1992). The method of 

particle bombardment is illustrated in Figure 1.12. Tungsten or gold particles coated in 

plasmid DNA are pipetted onto the centre of a micro-carrier (Fig. 1.11). This is placed 

upside down, in front of a stopping screen (wire mesh) and the plant cells (or tissue) are 

positioned under the stopping screen at a distance of approximately 8 cm. A helium 

pressure of llOOpsi to applied to accelerate the micro-carrier towards the stopping screen 

(Kost et al. 1998). Once the micro-carrier hits the stopping screen the DNA coated 

particles are fired into the plant cells (Kost et al. 1998).

Figure 1.11. Graphic illustration of the 

particle gun used to transform plant 

cells. This diagram was modified from that 

of (Sagi et al. 1995), using the methods 

described by Kost et al. (1998).

However, Agrobacterium-mQdiziQd transformation is thought to offer significant 

advantages over particle bombardment (Travella et al. 2005). In a recent study, it was 

found that Agrobacterium-mediated transformation of barley was twice as efficient than 

that obtained by particle bombardment (Travella et al. 2005). This is because, as described 

in § 1.6.2.1, more cells are exposed to recombinant Agrobacterium than the individual cells 

that are exposed to particles. Travella and colleagues also noted that in most 

Agrobacterium-derived lines the integrated DNA was stable and inherited as a simple 

Mendelian trait, whereas transgene silencing was frequently observed in the first filial (FI) 

generation of the particle bombardment-derived lines (Travella et al. 2005).

1.6.2.1 Asrobacterium-mediated transformation of plants

Agrobacterium is a soil-borne bacterium that opportunistically infects wounded plant cells 

to cause tumours such as crown gall (A. tumefaciens) and hairy root (A. rhizogenes). The 

compounds released by the wounded plant attract Agrobacterium, which attaches to the 

cell (Valentine 2003). The bacterium then transforms the cell by mobilising a region of
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DNA located in the virulence (vir) region of the bacterial plasmid (tumour inducing (Tj) in 

A. tumefaciens and root inducing (Ri) in A. rhizogenes), known as T-DNA (transfer DNA), 

which becomes integrated almost anywhere in the plant’s genome (Valentine 2003). The 

T-DNA carries the virulence genes needed for tumour formation and also the production of 

metabolic enzymes (opines), which provide an extra source of carbon and nitrogen for 

Agrobacterium (Armitage et al. 1988; Valentine 2003).

For the purposes of cloning, a binary vector that can replicate in both Escherichia coli and 

Agrobacterium (hence the term “ binary vector” ), and also possesses a T-DNA region is 

cloned into Agrobacterium (Lessard et al. 2002). Again, when exposed to compounds 

released from a wounded plant, the T-DNA region from both the binary vector and the Tj 

(or Rj) plasmid are mobilised by transcription of the vir region of the Ti plasmid (Armitage 

et al. 1988) and integrated into the plant genome. To prevent disease, the oncogenes, which 

are not required for the transfer of the T-DNA, have been removed from attenuated 

bacteria and replaced with multiple cloning sites where genes of interest can be inserted 

(Armitage et a l 1988; Lessard et al. 2002).

1.6.2.2 A plant-derived antigen can also be immunogenic

As Table 1.7 shows, some plant-derived protein antigens have also been shown to elicit an 

immune response in mice, with varying success. In 1995, Haq and colleagues published the 

first ‘proof of concept’ for edible vaccines. They demonstrated that mice that had been fed 

doses of transgenic potatoes expressing the B subunit of the heat labile enterotoxin (LT-B), 

which is known to protect against enterotoxigenic E. coli (ETEC), produced both serum 

IgG and mucosal IgA antibodies against LT-B (Haq et al. 1995). They also showed that 

these antibodies were capable of neutralising the enterotoxin in vitro cell protection assays 

(Haq et al. 1995).

In another study, Mason and colleagues fed mice three doses (one a week for three weeks) 

of raw transgenic potatoes expressing LT-B (Mason et al. 1998). After three weeks, the 

immunised mice developed anti-LT-B serum IgG and anti-LT-B faecal IgA responses 

equivalent to or greater than responses developed by mice gavaged orally with purified 

LT-B (Mason et al. 1998). However, this was not enough to protect mice in vivo against 

the effects of LT upon challenge (Mason et al. 1998).
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Gao and colleagues found that feeding mice daily with recombinant HbsAg from a 

transgenic cherry tomatillo plant was not enough to elicit an immune response in naive 

mice (Gao et al. 2003). However, once primed with a dose of the commercial HbsAg 

vaccine, mice fed recombinant HbsAg had a significantly boosted antibody response 

compared to mice fed wild-type cherry tomatillos (see Figure 1.12) (Gao et a l  2003). 

Alternatively, Richter and colleagues fed mice daily with recombinant HbsAg from a 

transgenic potato plant, but this response declined within weeks. Upon boost with a low 

level of the commercial vaccine, the antibody level was significantly boosted (Richter et 

al. 2000). This indicates that the potato vaccine had led to a memory immune response.

mouse A

0 1 2 3 4 5 18 19 20 21 22 23 24 25 26 27 28
A uioolreM n  w iO

pnme
t

boost

mouse B

0 1 2 3 4 5 17 18 19 20 21 22 23 24 25 26 27
weeks

t

Figure 1.12. Serum antibody response 

elicited by oral boost with transgenic 

cherry tomatillo. Mouse A was primed 

parenterally with 2 fig commercial HBsAg, 

and when its serum antibody level descends 

to OD<1.0, mouse was fed with 

untransformed tissues; Mouse B was primed 

parenterally with 2 fig yeast-derived rHBsAg, 

and when the serum antibody levels 

descended to OD<1.0, mice were fed with 

transformed tissues as boost. Taken from Gao 

et al., (2003)

pnm e b oost

1.6.3 Can transgenic plants offer a pneumococcal vaccine solution?

Despite the success of expressing protein antigens in plants (§1.6.1), the concept of 

engineering the plant’s own metabolism to produce a heterologous polysaccharide as a 

vaccine antigen had not yet been reported. Therefore, the aim of this project was to 

develop a transgenic plant capable of synthesising pneumococcal polysaccharide. It was 

thought this would contribute to solving three problem areas of pneumococcal vaccine 

development. Firstly it would result in large-scale manufacture and reduce the cost of 

pneumococcal polysaccharide production and, ultimately of the conjugate vaccine. 

Additionally, an edible plant vaccine would reduce costs further by removing expensive 

down-stream processing, i.e. the need for antigen purification. Second, it would aid better 

adoption of the vaccine into national programmes by enabling local production (a scheme
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of ‘grow you own vaccines’) and finally it would make the vaccine more palatable to 

recipients by dispensing with the need for needles.

In order to determine whether heterologous expression of pneumococcal polysaccharide is 

possible, it was necessary to understand how pneumococcal polysaccharide is synthesised 

and then, how this compares to polysaccharide synthesis in plants.

1.7 Polysaccharide synthesis

1.7.1 Capsular polysaccharide synthesis in pneumococci

As stated in §1.1.1, there are currently over 90 chemically distinct types of pneumococcal 

capsular polysaccharide (Henrichsen 1995). Each is defined by unique antigenic 

determinants (Griffith 1928; MacLeod et al. 1945). Capsular polysaccharides are usually 

composed of repeating oligosaccharide subunits containing several different 

monosaccharides and, in many cases, are branched structures (Kamerling 2000). The 

structures of some of these polysaccharides are shown in Table 1.8.

The biosynthesis of pneumococcal capsular polysaccharide has been described for 

serotypes 3 (Dillard et al. 1995; Cartee et al. 2000; Forsee et al. 2000), 14 (Kolkman et al. 

1997) and 19F (Morona et al. 1997; Kamerling 2000). The genes involved in 

pneumococcal capsular polysaccharide synthesis are closely linked on the bacterial 

chromosome, arranged within a single locus (cassette) (Caimano et al. 2000). These 

cassettes (cps) are termed “type-specific” because, although the genes involved in capsule 

synthesis of different serotypes share little homology they may occupy identical sites in the 

chromosome (Caimano et al. 2000). Furthermore, in most cases, genetic exchange of the 

type-specific cassettes results in transformation to the new type and the loss of the ability 

to express the original polysaccharide (Dillard et al. 1995).

The Sanger Institute has recently finished sequencing all 90 capsular 

polysaccharidebiosynthetic cassettes (cps) of S. pneumoniae by amplifying each cps cluster 

by PCR using primers in the flanking regions of the cassette 

(http://www.sanger.ac.Uk/Proiects/S pneumoniae/CPS/j. This is because flanking either 

side of the type-specific genes are sequences common to all capsule types
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Table 1.8 The Primary Structure of Some Pneumococcal Polysaccharides

Serotype Structure

3 1 —̂ -p-D -G lcyK  1 ->3)-p-D-GlcA^( 1 ->4

4 1 ->3)-(3-D-ManpNAc-< 1 ->3)-a-L-Fu<yNAc- ( 1 -»3)-a-D-GalpNAc-( 1 -»4)-a-D-Gal/>23(S)Pyr-( 1 ->3

6 B P-*2>- a-D-Gal/H 1 -*3)-a-D-Glcp-( 1 ->3)-a-L-Rha/>( 1 -+4)-D-Rib-oK5-*P->2

9V
1 -+4)-a-D-GlcpA-< 1 ->3)-a-D-Gal/>- (l-> 3 )- |3-D-ManpNAc-<l->4>- ^-D-GlqH 1 ->4)-a-D-Glc/>-1 ->4)

2Ac (17%) 4 Ac (6%) 2Ac (17%)
3 Ac (25%) 6Ac (55%) 3Ac (4%)

18C

G ro(l-»P
1
3

1 ->4)-p-D-Gl<¥K 1 ->4)-0-D-Galp-( 1 ->4)-a-D-Glc/>-( 1 -» 3 >  (i-L-Rhap-( 1 ->4
2
T1

a-D-Glc/?6Aco.3

Taken from Kamerling (2000)

"COMMON* TYPE-SPECIFIC "COMMON"

biosynthesis

dexB IS1202 A B C  19fD 1 9 f E F G H l J K L M N O  pIpA

dexB 'A B' C 3P orf5 3D 3S 3U 3M 'tnpA' 'ptpA

19F

3

Figure 1.13. Conserved structure of the capsule loci. The maps are derived from the sequence data 

of the type 19F (Guidolin et al. 1994) and type 3 loci (Arrecubieta et al. 1995; Dillard et al. 1995). 

The common downstream sequence containing pip A has also been identified adjacent to the type 2, 5,

6 B, and 14 loci (refs). ■, homologous sequences; ■ and S3, type specific sequences; □ ,  non-

homologous sequences; harbouring a deletion. Taken from Caimano et al. (2000)
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(Cartee et al. 2000). Figure 1.13 shows the alignment of the conserved and unique regions 

of the capsular biosynthesis cassettes of type 3 and type 19F S. pneumoniae. These 

common genes have been proposed to play a role in polysaccharide transport and, in some 

serotypes, in determining polysaccharide chain length (Cartee et al. 2000)

The possibility of synthesising serotype 3 capsular polysaccharide in plants was chosen for 

this investigation since, chemically, it is the simplest of the capsular polysaccharides. It is 

composed of repeating D-glucose (Glc) and D-glucuronic acid (GlcA) units, known 

collectively as cellobiuronic acid [1—»4)-p-D-Glc/?-(l->3)-p-D-GlcA/?-(l-»4] (Reeves and 

Goebel 1941; Arrecubieta et al. 1996). It also has the simplest genetic organisation (see 

§1.7.2), and the biosynthesis and heterologous expression of type 3 capsular 

polysaccharide has already been described in E. coli and Lactococcus lactis (Dillard et al. 

1995; Arrecubieta et al. 1996a; Cartee et al. 2000; Forsee et al. 2000; Gilbert et al. 2000) 

(see §1.7.2). Furthermore, type 3 pneumococci are among the most abundant and 

frequently isolated strains from disease cases in developed and developing communities 

(Robbins et al. 1983a; Kalin 1998), the latter countries being those that would benefit the 

most from a reduced cost in vaccine production. Diseases caused by type 3 strains are often 

reported to have a higher mortality rate than disease due to other serotypes and therefore, 

present significant clinical problems (Munoz et al. 1997).

As stated above, type 3 polysaccharide has a simple structure. It is composed of repeating

units of cellobiuronic acid; a disaccharide composed of glucose (Glc) and glucuronic acid

(GlcA) (this is shown in Figure 1.14). Its biosynthesis is believed to occur by successive

monomer addition, making use of the precursors UDP-glucose (UDP-Glc) and UDP-

glucuronic acid (UDP-GlcA), which are synthesised by three enzymes encoded by the type

3 pneumococcus (see §1.7.2 for a description of the genes involved in pneumococcal

capsule synthesis). The enzymes are a glucose-1-phosphate uridyltransferase (Cps3U) and

a putative phosphoglucomutase (Cps3M), which synthesise one of the precursors, UDP-

Glc, from the central metabolic pathway of Glc-6-P, and a glucose dehydrogenase

(Cps3D), which converts UDP-Glc to the other precursor, UDP-GlcA (Dillard et al. 1995).

A fourth enzyme, known as the type 3 synthase (Cps3S), catalyses the formation of bonds

between the UDP precursors to form the polymer (Forsee et al. 2000). The proposed

biosynthetic pathway is presented in Figure 1.15 (Dillard et al. 1995).Whilst the two UDP

sugar precursors (UDP-Glc and UDP-GlcA) of type 3 polysaccharide are present in the
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cytoplasm, the type 3 synthase is thought to be bound to the plasma-membrane (Cartee et 

al 2000). Cartee and colleagues showed that, in the presence of the two precursors and 

Mn , membrane preparations of type 3 S. pneumoniae displayed Cps3S activity by 

producing a polymer composed of Glc and GlcA that bound to a type 3 polysaccharide- 

specific monoclonal antibody (Cartee et al. 2000).

D-Glucuronic add  D-Gtucase
(pyranose) (pyranose) 0-(1-3)

HOHO
OH

HO
OHHO 'OH

HO
HO OH HOOC

HO
HOOC

Figure 1.14. The structure of serotype 3 pneumococcal polysaccharide. As described by 

Kamerling (2000).

Cps3S is thought to possess two separate binding sites for each of the UDP sugar 

precursors, with each site catalysing the formation of a distinct glycosidic bond (Forsee et 

al. 2000). This assumption is based on hydrophobic cluster analysis, which compared the 

sequences of several processive p-glycosyltransferases from prokaryotes and eukaryotes, 

including hyaluronic acid synthase (HasA) of Streptococcus pyogenes, with which Cps3S 

shares significant homology (Keenleyside and Whitfield 1996; Saxena and Brown 1997). 

The study, performed by Keenleyside and Whitfield, revealed two conserved domains that 

are believed to be responsible for binding the nucleotide sugars and catalysing the 

formation of the glycosidic linkages between them (Keenleyside and Whitfield 1996). Loss 

of the enzymatic activities of either domain resulted in an inability to synthesise type 3 

polysaccharide (Dillard et al. 1995).

During synthesis, the polymer is believed to grow from the non-reducing (C=0) end of the 

molecule (the right side of the molecule shown in Figure 1.14) (Cartee et al. 2000), which
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UTP

NAD+

NADH

UDP - Glc

Glc-6 -P

Phosphoglucomutase

G lc-l-P

Glucose -1 -phosphate 
uridyl transferase

UDP-Glc + PPi

UDP -Glc dehydrogenase

U D P -G lc A

Type 3 caspular 
polysaccharide synthase

(-GlcA-Glc-)n

Cps3M

Cps3U

Cps3D

Cps3S

Figure 1.15. Biosynthetic pathway for type 3 capsular polysaccharide (Dillard et al. 1995).

continues until one of the binding sites is filled, but the concentration of the other precursor 

is insufficient to fill the other binding site (Forsee et al. 2000). At this point the protein 

releases the polysaccharide chain. Heterologous expression of Cps3S in E. coli showed that 

the recombinant membrane-bound synthase released all of the polysaccharide when 

incubated with either UDP-Glc or UDP-GlcA alone (Cartee et al. 2001). Although, in 

contrast to S. pneumoniae, release of the polysaccharide from type 3 synthase in E. coli 

was not accompanied by release from the membranes (Cartee et al. 2001). The 

recombinant enzyme was also able to reinitiate polysaccharide synthesis following 

polymer release. This was thought to be due to the retention of a phospholipid anchor at 

the reducing end of the polymer, which also acted as a primer to reactivate growth of the 

polymer chain (Cartee et al. 2000). No other proteins have yet been identified that are 

likely to be involved in transport of the type 3 polysaccharide, and this function may be 

performed by the type 3 synthase (Cartee et al. 2000).
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1.7.2 The molecular biology of type 3 pneumococcal capsular polysaccharide 

biosynthesis

The genes required for the synthesis of the enzymes involved in the biosynthesis of type 3 

pneumococcal capsular polysaccharide (see §1.7.1) have been cloned, sequenced, and 

expressed in both E. coli and L. lactis (Dillard et al. 1995; Arrecubieta et al. 1996a; Gilbert 

et al. 2000; Cartee et al. 2001). Like other serotypes, the type 3-specific genes are closely 

linked, arranged within a single locus (cassette) on the bacterial chromosome (these were 

designated 3D, 3S, 3U and 3M in Figure 1.13) (Caimano et al. 2000). Flanking either side 

of the type 3-specific genes are sequences common to all capsule types. However, in type 3 

strains most of these sequences are mutated and are not required for polysaccharide 

synthesis or transport (Cartee et al. 2000).

The type 3-specific genes encode a UDP-glucose dehydrogenase (known as cps3D\ the 

type 3 synthase (cps3S), glucose-1-phosphate uridyltransferase (cps3U) and a putative 

phosphoglucomutase (cps3M) (Dillard et al. 1995). An alternative nomenclature for the 

type 3 specific locus and genes, cap, has been used previously. This is based on the 

findings of Arrecubieta et al. (1995). However, this thesis will follow the molecular 

characterisation of Dillard and colleagues, since these are named based on the expected 

function of the protein. Therefore, the locus genes are prefixed cps (Dillard et al. 1995).

As discussed in §1.7.1, Cps3M and Cps3U synthesise the precursor UDP-Glc from the 

central metabolic pathway of Glc-6-P, while Cps3D catalyses the conversion of UDP-Glc 

to the other precursor of type 3 capsular polysaccharide, UDP-GlcA (Garcia et al. 1997). 

Cps3S is the capsule synthase that polymerises the polysaccharide chain. The proposed 

biosynthetic pathway was described and presented in §1.7.1.

The functions encoded by these genes were originally demonstrated by mutational 

analyses, which showed that only two genes were essential for type 3 capsule production in 

pneumococci: cps 3D and cps3S (Dillard et al. 1995). The mutations and their effects are 

shown in Figure 1.16 and Table 1.9. S. pneumoniae strains JD900 and M CI092, which 

contained an insertional mutation in cps3U and cps3M, respectively, showed no reduction 

in capsule production, as judged by colony morphology (see Figure 1.17) (Dillard et al. 

1995; Caimano et al. 2000). On the other hand, S. pneumoniae strains JD611 and JD619, 

which contained stop mutations in cps3D, failed to synthesise a ‘detectable’ level (< 0.9 pg
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PnCPS mg'1 total protein) of capsular polysaccharide when specific Ag-Ab complexes 

were measured at 650 nm and quantitated by comparison with a standard curve of purified 

type 3 polysaccharide (Dillard et al. 1995). However, when supplied with UDP-GlcA (the 

product of the reaction involving cps 3D) both JD611 and JD619 mutants synthesised type 

3 polysaccharide (9.8 pg PnCPS mg*1 protein and 5.7 pg PnCPS mg"1 protein, respectively) 

(Dillard et al. 1995). This showed that mutants that lacked the ability to convert UDP-Glc 

to UDP-GlcA (lacked UDP-Glc dehydrogenase activity) could synthesise type 3 

polysaccharide if supplied with the product if this reaction (UDP-GlcA) (Dillard et al. 

1995). These findings were confirmed by heterologous expression of type 3-specific genes 

in other pneumococcal serotypes (cps3S) (Arrecubieta et al. 1996a), in E. coli (cps3D 

(Arrecubieta et al. 1996) and cps3S (Arrecubieta et al. 1996a)), and Lactococcus lactis 

(cps3S) (Gilbert et al. 2000). Recombinant expression of Cps3D+S+U+M" in L. lactis 

resulted in the synthesis of copious amounts (120 mg litre'1) of extracellular type 3 

polysaccharide (Gilbert et al. 2000). This is probably because L. lactis contains two native 

phosphoglucomutase that may replace Cps3M. Furthermore, when expression was reduced 

to just two enzymes, Cps3D and Cps3S, the production of type 3 polysaccharide was still 

detected, but at a substantially lower concentration than in the recombinant with Cps3DSU 

(Gilbert et al. 2000). This implied that a glucose-1-phosphate uridylyltransferase (GalU) 

was also present in L. lactis that may fulfil the role of Cps3U. However this enzyme 

appeared to be rate limiting as when the pneumococcal gene, cps3 U, was expressed, type 3 

capsular polysaccharide production was far higher (Gilbert et al. 2000). Arrecubieta and 

colleagues (1996) reduced expression further to just Cps3S and found that unencapsulated 

pneumococci and E. coli were still capable of synthesising type 3 polysaccharide, provided 

that the nucleotide precursors (UDP-Glc and UDP-GlcA) were also present (Arrecubieta et 

al. 1996a).

(Following page) Figure 1.16. DNA sequence o f the region containing cps3D , cps3S , and cps3U, and 

upstream flanking DNA. The sequence o f cps3M  is not presented. Endpoints o f insertion mutations 

shown in A are indicated by triangles and are labelled with the name o f the strain containing the mutation. 

Point mutations in cps3D  are labelled with the sequence of the mutation and the name of the strain 

containing the mutation. Sequencing o f the Pvu \l-Ssp I fragment of A66R2 began at bp 1921, thus 

additional mutations between the Pvu II site and this point are possible. Selected restriction sites are 

shown. These sequence data are available from GenBank under accession number U15171. (Dillard et al. 

1995)
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ACYCCACACC7AYCAArTCtATACAAAC?tATCAAMATCCCTAAATCTCpCYAATCrK 414 ftl e n t *
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Table 1.9 In vitro Capsule Synthesis

Bacteria (strain) CPS Phenotype Presence of 
UDP-GlcA

Type 3 capsule 
production Reference

S. pneumoniae 
(WU2) Cps3D+S+U+M+ + +

+

(Dillard et al. 1995) 

(Dillard et cd. 1995)

S. pneumoniae 
(JD611) CPS3DS1TM" + + (Dillard et al. 1995)

- - (Dillard et al. 1995)

S. pneumoniae 
(JD619) Cps3D'S+U+M+ + + (Dillard et al. 1995)

- - (Dillard et al. 1995)

S. pneumoniae 
(S3-*, 15783/94b, 
8595/95°, 6028d)

Cps3D‘S+U‘M' n/a + (Arrecubieta et al. 
1996a)

E. coli (pTBP3) C psSD S^M - n/a
+ (Arrecubieta et al. 

1996a)

S. pneumoniae 
(JD902) CpsSD+SLTlVf* + - (Dillard et al. 1995)

S. pneumoniae 
(JD908) Cps3D+S"U+M+ + - (Dillard et al. 1995)

S. pneumoniae 
(JD900) Cps3D+S+U*M+ n/a + (Dillard et al. 1995)

L. lactis 
(UCP1618) CpsSD^nrM - n/a + (Gilbert et al. 2000)

S. pneumoniae 
(MCI 092) Cps3D+S+U+M' n/a + (Caimano et al. 2000)

L. lactis 
(UCP1619) Cps3D+S+U+M* n/a + (Gilbert et al. 2000)

S. pneumoniae 
(D39°) Cps2+ + - (Dillard et cd. 1995)

a, unencapsulated; b, serotype 2 ;c, serotype 5 ;d, serotype 8 ;e, serotype 2, n/a, not applicable

Encapsulated U nencapsulated Figure 1.17. The differences in colony 

morphology between an encapsulated 

and an unencapsulated serotype 3 

strain of pneumococcus when grown on 

blood agar. Taken from Hardy et al 

(2000).
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The two type 3-specific genes, cps3U and cps3M, are therefore not essential for type 3 

capsule production (Dillard et a l 1995; Caimano et a l 2000), suggesting that they are 

compensated by other genes in the host chromosome, possibly by essential cellular 

enzymes such as those involved with cell wall and teichoic acid synthesis (Caimano et al 

2000; Hardy et a l 2001). They are also not required for pneumococcal virulence in mice 

(Hardy et a l 2001). Mice infected with type 3 deletion mutants ACps3U (CV1047 and 

CV1048) and ACps3M (CV1037 and CV1044) were just as virulent as the parent strain 

(Hardy et a l 2001). This has prompted some researchers to question their presence in the 

type-specific cassette (Dillard et a l 1995). Although possibly, they function to regulate 

capsule production (Dillard et a l 1995) and to avoid depletion of cellular pools of UDP- 

Glc under conditions of enhanced capsule synthesis, such as during infection (Hardy et a l 

2000; Hardy et a l 2001). For example, a type 3 mutant (JY1060) with reduced cellular 

phosphoglucomutase activity, displayed reduced virulence and, in vitro assays showed 

JY1060 bound seven times more complement (C3) (Hardy et a l 2001). An alternative 

explanation is that these genes were obtained along with the type-specific genes in a 

horizontal transfer from another organism and have not been lost (Dillard et a l 1995). 

Whatever the explanation, it can be assumed that for cloning and expressing type 3 

polysaccharide, it is necessary that the capsule synthase and high concentrations of the 

precursors UDP-glucose and UDP-glucuronic acid are present.

1.7.3 Could heterologous expression of Cps3S lead to the synthesis of type 3 

polysaccharide in plants?

As discussed in §1.7.2, at least two host functions are necessary for the production of 

heterologous type 3 polysaccharide: the synthesis of the precursors UDP-glucose (UDP- 

Glc) and UDP-glucuronic acid (UDP-GlcA), and their polymerisation into the 

polysaccharide (Dillard et a l 1995). A hypothesis to how this could be possible in plants 

will now be discussed.

1.7.3.1 Synthesis requires the presence of the precursors

Growing plant cells, particularly roots cells, continuously synthesise new wall polymers in 

order to maintain thickness and integrity (Northcote 1974). A typical dicotyledonous plant 

species has three classes of primary cell wall polysaccharide, which differ greatly in sugar 

composition (Fry 1988). They are classified as cellulosic, pectic, and hemicellulosic. 

Cellulose microfibrils are cross-linked into a network by H-bonded hemicellulose, to
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provide tensile strength. The cross-linking of cellulose to pectin allows the cell to resist 

compression (Alberts et al. 1994). The major sugars are: cellulose (glucose (Glc)), pectins 

(galacturonic acid (GalA), arabinose (Ara), galactose (Gal), rhabinose (Rha)), 

hemicellulose (Glc, xylose (Xyl), Ara, GlcA) (Fry 1988)

The hemicelluloses are a heterogenous group of branched polysaccharides, which include 

the same monosaccharides that form type 3 polysaccharide, Glc and GlcA. Like type 3 

polysaccharide, the hemicelluloses are derived from UDP-sugars such as glucuronic acid 

(UDP-GlcA) (Fry 1988). In plants UDP-GlcA is synthesised from UDP-glucose (UDP- 

Glc) by an endogenous UDP-Glc dehydrogenase, although there is evidence for an 

alternative pathway which involves the oxidative cleavage of inositol derivatives (see 

Figure 1.19) (Robbins et al. 1967; Haug and Larsen 1974). In some plant species as much 

as a 50 % of the cell wall mass is derived from UDP-GlcA derived precursors and most of 

the UDP sugars present in plant cells are used exclusively for the synthesis of cell wall 

polysaccharides (Fry 1988).

Therefore, given the relative abundance of UDP-glucose and UDP-glucuronic acid in 

plants, it was predicted that cloning Cps3U, Cps3M and Cps3D into a plant system was not 

necessary to achieve synthesis of type 3 polysaccharide. Instead, the introduction of a 

transgene encoding the type 3 capsular synthase was expected to lead to a diversion of a 

pool of UDP-glucuronic acid and UDP-glucose from normal matrix polysaccharide 

(hemicellulose) biosynthesis and into the synthesis of type 3 polysaccharide. Similar 

‘metabolic engineering’ has been described before with success (see §1.7.3.2)

1.7.3.2 Metabolic engineering in plants

Metabolic engineering is defined as the redirection of one or more enzymatic reaction to 

increase the production of a specific compound, to down regulate a specific unwanted 

compound, or to produce a novel compound (i.e. a molecule that is produced in nature, but 

not usually in the host plant, or a completely novel compound) (DellaPenna 2001; Capell 

and Christou 2004). Over the past 25 years there have been many success stories of using 

of cloned genes to engineer plant metabolism. A review of some recent findings can be 

found in §5.11.3.1. However there are no published examples that describe the expression
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Figure 1.19: Metabolic map showing the activation and inter-conversion of some precursors 

involved in cell wall synthesis. The metabolic pathways that could lead to the expression of type 3 

pneumococcal polysaccharide precursors are highlighted by grey boxes. The diagram was taken from 

Fry (1988)

Abbreviations: Caff, Caffeate; Con-Alc, Coniferyl alcohol; Cinn, Cinnamate; Cou, Coumarate; Cou- 

Alc, p-coumaryl alcohol; DHQ, Dehydroquinate; Ery, Erythrose; FA, Fatty acid; Fer, Ferulate; Fru-P2, 

Fructose 1,6-biphosphate; HAD, Hexadecanoic acid (palmitic acid); OAA, Oxaloacetate; PEP, 

Phosphoenolpyruvate; PGA, 3-Phosphoglyceric acid; PPP, Pentose-phosphate pathway; Prephen, 

Prephenate; PS, Polysaccharide; Pyr, Pyruvate; Shik, Shikimate; Sin, Sinapate; Sin-Alc, Sinapyl 

alcohol; Suer, Sucrose; a-OG, a-Oxoglutarate.
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of microbial polysaccharide antigens in plants. At the start of this project, one paper 

discussed the introduction of a fungal gene (from Aspergillus aculeatus) encoding an endo- 

galactanase into transgenic tubers (Oxenboll Sorensen et al. 2000). Potato tuber pectin is 

rich in galactan (oligomer of B-l,4-linked galactosyl residues) and the resulting transgenic 

plants, which showed no altered phenotype compared with the wild type, revealed 

alterations in cell wall pectin composition, indicating that the galactosyl bonds have been 

broken down (Oxenboll Sorensen et al. 2000).

1.8 Outline of this thesis

The remaining part of this thesis is structured as follows. Chapter Two provides details of 

the materials and methods used to select peptide mimics of pneumococcal polysaccharide 

and to construct a transgenic plant capable of expressing type 3 pneumococcal 

polysaccharide. Chapter Three describes the results obtained from screening phage- 

displayed peptide libraries with mAbs raised to pneumococcal polysaccharide and the 

ability of these peptides to be used as vaccine mimics and provide protection against 

pneumococcal disease. Chapter Four describes the results of cloning Cps3S and the 

consequent in planta expression of pneumococcal polysaccharide. The aim of Chapter Five 

is to provide an assessment of the methods used in this study and a discussion of the results 

obtained, with reference to future investigations.
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2.0 Chapter overview

This chapter of the thesis is divided into two main parts. The first part (Part A) describes 

the methods used to select peptide mimics of serotype 6B and 9V pneumococcal 

polysaccharides using a phage-display library. The second part (Part B) describes the 

methods used to develop a transgenic plant capable of synthesising pneumococcal 

polysaccharide. First the general methods used by both projects are described.

2.1 Bacterial strains and erowth conditions

Escherichia coli strains were cultured aerobically in either Luria Broth (LB (1 % (w/v) 

Tryptone, 0.5 % (w/v) Yeast Extract, 1 % (w/v) NaCl) or Luria Agar (LB, as above, 

containing 1.5 % (w/v) agar) and incubated at 37°C.

Streptococcus pneumoniae serotypes 3 (WU2) 4, 6B, 9V and 18C strains were obtained 

from the frozen stocks of Lab 227 Department of Infection, Immunity and Inflammation, 

University of Leicester, UK. Cultures of S. pneumoniae were grown at 37°C in a candle jar 

(raised CO2 conditions) in either Brain Heart Infusion (BHI) (Oxoid, Basingstoke, Hants, 

UK; product BO0366) broth, BHI containing 10 % (v/v) Foetal calf serum (FCS) or on 

Blood Agar Base (BAB) (Oxoid, Basingstoke, Hants, UK; product CM0055) containing 5 

% (v/v) defibrinated horse blood for culture on solid medium.

Strains of Agrobacterium tumefaciens were cultured aerobically in YEP broth (10 g I'1 

Yeast Extract, 10 g I"1 Peptone, 5 g I'1 NaCl, pH 7.0). For culture on solid medium the YEP 

broth was supplemented with 1.5 % (w/v) agar. Growth occurred following incubation at 

28°C for 2-3 days. Strains of A. rhizogenes were grown aerobically in YMB broth (0.5 g f 1 

K2HPO4, 0.2 g I'1 M gS04.7H20 , 0.1 g I-1 NaCl, 10 g I’1 Mannitol, 0.4 g f 1 Yeast Extract, 

pH 7.0). For culture on solid medium the YMB broth was supplemented with 1.5 % (w/v) 

agar (YMB). Growth occurred following incubation at 28°C for 2-3 days.

All media were autoclaved at 121°C for 20 minutes prior to use. Agar media were allowed 

to cool to 50°C before the addition of media supplements.
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Table 2.1 Bacterial strains used to identify peptide mimics of pneumococcal polysaccharides from a 

phage-display library. The Lab reference refers to the location of the bacterial bead stocks, which are stored 

in 10 % (v/v) glycerol at -70°C in Lab 227, Dept of I.I.I, University o f Leicester, UK.

Bacterial Strain Lab Reference Reference or Source

E. coli TGI Lab Stock, University of 
Messina, Italy (Harrison et al. 1996)

S. pneumoniae serotype 4 
(TIGR4) P202 Tim Mitchell, University 

Glasgow
of

S. pneumoniae serotype 6 B 
(23477) P164 Marie Trombe, Universitaire 

Rangueil, Toulouse, France
de

S. pneumoniae serotype 9V 
(907/88) P187

RIVM
(Kolberg and Jones 1998)

S. pneumoniae serotype 18C 
(NCTC11905) P233 NCTC

Agrobacterium tumefaciens 
(GV3101) S39 Biology Dept. University 

Leicester
of

A. rhizogenes 
(LBA9402) S38 Biology Dept. University 

Leicester
of

2.1.1 Antibiotics and media supplements

All media supplements are shown in Table 2.2 below. Those dissolved in water were filter- 

sterilised through a 0.2 pm acrodisc filter (Acrodisc, Gelman Laboratories), aliquoted and 

stored at -20°C
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Table 2.2 Antibiotics and media supplements

Media supplements Stock Working Concentration

Ampicillin 50 mg ml' 1 in water
1 0 0  pg ml' 1

Chloramphenicol 1 0 0  mg ml' 1 water 34 pg ml' 1

Cefotaxime 2 0 0  mg ml' 1 in water 250 -  500 pg ml' 1

Gentamicin 1 0 0  mg ml' 1 in water 150 pg ml' 1

Kanamycin 1 0 0  mg ml' 1 in water 1 0 0  pg ml' 1

Rifampicin 1 0  mg ml' 1 in methanol 1 0 0  pg ml' 1

Spectinomycin lmg ml' 1 in water 1 0 0  pg ml' 1

6 -benzylaminopurine (6 -BAP) 2 mg ml' 1 in 0.1 MKOH 1 pg ml' 1

Isopropyl-6 -D- 
thiogalactopyranoside (IPTG)

200 mM 0.5 mM

Napthaleneacetic acid (NAA) 1 mg ml' 1 in water 0 . 1  pg ml' 1

5-bromo-4-chloro-3-indolyl-6- 
D-galactoside (X-Gal) 32 mg ml' 1 in dimethylformide 80 pg ml' 1

2.1.2 Serotyping pneumococci

Serotyping the pneumococcal strains was done by the capsular reaction test (Quellung 

reaction) using diagnostic pneumococcal antiserum. This test detects the presence of type 

specific capsular polysaccharide (Heineman 1973).

A loop of overnight culture of S. pneumoniae grown in BHI containing 20 % (v/v) Foetal 

Calf serum was smeared onto a microscope slide and allowed to air-dry. 10 pi of serotype 

specific anti-pneumococcal capsular polysaccharide antiserum (Statens Serum Institute, 

Copenhagen, Denmark) was placed onto a coverslip and mixed with 10 pi 1 % (w/v) 

methylene blue in water, before placing the coverslip, fluid side down, onto the slide. 

Bacteria were examined under xlOOO magnification and were compared to a control slide
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prepared with non-immune serum (heat inactivated foetal calf serum). Bacteria were 

counted as reactive if the capsule was distinctly outlined around the blue stained cells.

2.2 Mice

Female, specific pathogen free outbred mouse strain MF1 (from Harlan Olac Ltd., UK) 

were used throughout this study. They were at least 9 weeks old at the beginning of each 

experiment. The mice were housed in groups of five under standard conditions with 

regulated day length, temperature and humidity, and were given tap water and pelleted 

food ad libitum.

2.2.1 Infection of mice

2.2.1.1 Dose preparation

To challenge mice, S. pneumoniae strains were first passaged through female MF1 mice 

(Harlan Olac Ltd., Bicester, UK). A 10 ml culture of S. pneumoniae in BHI was grown 

overnight at 37°C from a single colony. The following day the bacteria were harvested by 

centrifugation at 600x g  for 15 minutes and the pellet was re-suspended in 5 ml sterile 

PBS. 200 pi of this suspension was injected intraperitoneally into female MF1 mice. 24 

hours following infection the bacteria were recovered via cardiac puncture, as described 

previously (Canvin et al. 1995). 100 pi of blood was used to inoculate a 10 ml BHI broth 

and this was incubated overnight at 37°C. The following day the bacteria were harvested 

by centrifugation, as before, and the pellet re-suspended in 1 ml BHI containing 20 % (v/v) 

Foetal Calf serum. This was used to inoculate a fresh 10 ml BHI broth containing 20 % 

(v/v) FCS with a starting OD500 of 0.7 and samples were grown at 37°C until OD500 was 

1.6. At this time samples were aliquoted and stored at -70°C. When required, the 

suspension was thawed at room temperature, pelleted by centrifugation at 600x g  for 10 

minutes at room temperature and re-suspended in the same volume of sterile phosphate- 

buffered saline (PBS).

2.2.1.2 Dose confirmation and viable counts

Doses and viable counts were calculated as an average colony forming units (cfu) formed 

from triplicate 10 pi spots of Miles-Misra plating onto Blood Agar Base (BAB) with 5 % 

(v/v) defibrinated horse blood following ten-fold serial dilutions in sterile PBS (see Figure 

2 .1).
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Figure 2.1. Miles-Misra style plating of diluted bacterial suspensions to achieve a viable count. A

represents the dilution factor performed, whereas B represents the placement o f the triplicate lOpl 

spots for each dilution. Calculation o f cfu/ml was attained by the following equation; cfu/ml = y x 10d 

x 1 0 0 , where y is the average colony count in lOpl per dilution and d is the dilution factor.

2.2.1.3 Virulence testing

To determine the appropriate challenge dose, serial 10-fold dilutions of pneumococci were 

given intraperitoneally (i.p.) to 5 mice. The technique used to perform i.p. injections with 

mice was described by Harlow et al. (1988). Each group received an estimated dose of
/  7

between 1 x 1 0  - 1 x 1 0  cfu passaged bacteria diluted in 100 pi sterile PBS. For more 

virulent strains, experiments were repeated with smaller dilution steps of the inoculum in 

order to determine the useful dose more precisely. The number of bacteria present in the 

suspensions was confirmed by the method described in §2.2.1.2.

Following infection, mice were observed for 10 days, except for serotype 6B, which 

showed a delayed onset of symptoms and therefore required a longer period of observation 

(15 days). The signs of disease were monitored and signs were scored based on the scheme 

of Morton et ah (1985). This is shown in Table 2.3. If significant morbidity (Lethargic ++) 

was observed (>80 % mice affected) this dose was used in subsequent experiments.
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Table 2.3 The scores given to mice
«. . . , Sign Scoresuffering from signs of °

pneumococcal disease, based on n 0  sjgn q

the scheme o f Morton et al. (1985). Hunched + 1

Hunched++ 2

Starey coat + 3

Starey coat ++ 4

Lethargic + 5

Lethargic ++ 6

Moribund 7

Found Dead 8

2.3 ELISA

Three different enzyme-linked immunosorbent assays (ELISA) techniques were used in 

this study. The methods used were adapted from those described by Harlow et a l (1988). 

These are illustrated in Figure 2.2.

The phage ELISA technique was used to give a quantitative determination of the number 

of recombinant phage present in the suspension. As shown in Figure 2.2, an anti-pill coat 

protein was used to coat the microtitre plate. This orientated the recombinant phage so that 

more pVIII coat proteins were available for binding the primary mAb. Since the phage was 

coating the plate and the monoclonal was in abundance, the amount of monoclonal that 

binds represented the number of positive clones. This was detected using a labelled 

secondary antibody. This is described further in §2.5.7.2.

The direct ELISA technique was used to assess the immunological quality of the serum 

produced from mice immunised with peptide-conjugates. 96-well microtitre plates 

(Maxisorp, Nunc) were coated with either 2 pg ml"1 pneumococcal polysaccharide, or 5 pg 

m l'1 of the peptide conjugated to BSA (or unconjugated peptide). The serum was then 

added at different dilutions and the IgG concentration (or titre) was detected by an anti

mouse secondary antibody conjugated to alkaline phosphatase. This is described further in 

§2.8. 1.
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secondary antibody 
conjugated to a label

anti-pneumococcal 
polysaccharide mAb

recombinant phage

anti-pill
(phage coat protein III)

B

T t r
i i

secondary antibody conjugate that 
recognises the Fc portion of the 
prim ary antibody

anti-polysaccharide mAb or 
murine anti-peptide polyclonal sera

peptide or polysaccharide 
antigen costing

Rabbit anli-pneumococcal 
polysaccharide antiserum labelled 
with horseradish peroxidase

Pneumococcal polysaccharide

Rabbit serotype specific arti- 
pneumococcal polysaccharide 
artiserum

Figure 2.2 (A) Phage ELISA: This 

technique gives a quantitative account 

of the number of recombinant phage 

present in the suspension. (B) Direct 

ELISA. This is the ELISA technique 

used to assess the immunological 

quality o f the serum produced from 

mice immunised with peptide- 

conjugates. (C) Capture ELISA. This 

technique was used to detect the 

presence of type 3 pneumococcal 

polysaccharide in plant tissue extract 

(see §2.15.4.2).
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The capture ELISA technique was used to detect the presence of type 3 pneumococcal 

polysaccharide in plant tissue extracts (see §2.15.4). Rabbit anti-type 3 polysaccharide 

specific antiserum was used to coat the plate, the plant cell extract or purified 

pneumococcal polysaccharide (control) was then added and this was detected with a 

horseradish peroxidase conjugate of the coating antibody. This is described further in 

§2.15.4.

2.3.1 Reagents

• Coating Buffer: 50nM NaHCC>3 , pH9.6, 0.02 % (w/v) NaN3

• Washing Buffer: PBS containing 0.5 % (v/v) Tween20

• Milk-Blocking buffer: PBS containing 0.5 % (v/v) Tween20, 1 mg ml"1 non-fat dry 

milk (Difco, Product Number 232100) and 0.1 % (w/v) NaN3 ).

• Developing solution: 1 mg ml"1 p-nitrophenyl phosphate (Sigma N9389) dissolved 

in 1 M diethanolamine pH9.8, 0.5 M MgCb with 0.05 % (w/v) NaN3 .

Part A: Peptide Mimicry

2.4 Monoclonal antibodies

Monoclonal antibodies (mAb) raised to serotype 9V (one IgA and one IgGl (6bC3, 206,F- 

5)), 4 (two IgG2 (CbB2 and Db7D4)), 6B (two IgG2 (DM5 and Db3G9)) and 18C (one 

IgG3 (6b53)) have been previously described (Kolberg and Jones 1998; Baxendale et al. 

2000).

The murine mAb 206,F-5 was produced from six-week old female BALB/c mice 

immunised i.p. with a heat treated (30 min at 56°C), sonicated serotype 9V pneumococcal 

suspension. Booster injections with the same mixture were administered 2 weeks later and 

4 days prior to fusion (5 months after the primary immunisation). Spleen cells were fused 

with NSO myeloma cells and hybridoma supernatants were screened by ELISA (see 

§2.8.1). This work was performed by Jan Kolberg, (Norwegian Institute of Public Health, 

Division of Infectious Disease Control, P.O. Box 4404 Torshov, N-0403 Oslo, Norway)

The human mAbs were produced from healthy volunteers given a single dose of the 23-

valent polysaccharide vaccine (Pneumovax II, Pasteur Merieux, France) (6b53) containing
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25 pg of each serotype, or the 7-valent vaccine (7 V-CRM1 9 7) containing 2 pg each of 4, 

9V, 14, 18C, 19F, 23F and 4 pg of 6B (CbB2, Db4D7, DM5 and Db3G9) conjugated to a 

mutant diptheria toxoid (Wyeth Lederle Vaccines and Paediatrics, NY, USA). 

Lymphocytes recovered from venepuncture on Day 7 post immunisation were fused to the 

non-secreting mouse myeloma line OURI using PEG (Thompson et al. 1991). Fused 

lymphocytes were plated onto a mouse fibroblast feeder layer in 96-well tissue culture 

plates and were incubated at 37°C in 5 % CO2 for 2-3 weeks. The cells were screened for 

pneumococcus-specific antibody production by ELISA (see §2.4.2). Positive wells were 

subcloned by limiting dilution and the cell lines then expanded in standard tissue culture 

flasks. This work was performed by Helen Baxendale from the Institute for Child Health, 

London, UK.

2.4.1 Determination of antibody isotype

To determine the antibody isotype, monoclonals were re-screened on single-serotype 

polysaccharide coated ELISA plates (as §2.4.2). The isotype of the antibody was 

determined using a panel of isotype-specific HRP-conjugated goat anti-human Ig 

antibodies (Sigma, Dorset, GB) for the human mAbs (Baxendale et al. 2000)., or alkaline 

phosphatase-conjugated goat anti-mouse IgG antibodies (Sigma, Dorset, GB) for the 

murine mAb (Kolberg and Jones 1998)

2.4.2 Determination of mAb concentrations

The mAb 206,F-5 was obtained as an ascites. The reactivity of ascites to capsular 

polysaccharide was analysed by ELISA (as described by Kolberg et al., 1998). Flat- 

bottomed microtitre plates (MaxiSorp, Nunc, Roskilde, Denmark) were coated overnight at 

4°C with serotype 9V PnCPS (2 pg ml-1) in PBS (pH 7.4) with 0.02 % (w/v) sodium azide, 

50 pi per well. The plate was blocked using 200 pi PBS containing 3 % (w/v) BSA for 1 

hour at 37°C. Hybridoma culture supernatant dilutions were prepared in PBS containing 3 

% (w/v) BSA and 50 pi was added to the wells. The plate was then incubated for 2 hours at 

37°C. Alkaline phosphatase-conjugated goat anti-mouse-Ig (Sigma, St. Louis, MO, USA) 

was used at a dilution of 1:2000. p-Nitropheny 1-phosphate was used as the substrate with 1 

mg ml-1 in 10 % (w/v) diethanolamine buffer (pH 9.8) containing 5 mM MgCL. The plate 

was washed between each step using PBS containing 0.05 % (v/v) Tween 20 (Kolberg and 

Jones 1998)
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Serotype specific pneumococcal antibody titres of human mAbs were determined by 

ELISA as previously described (Baxendale et al. 2000). 96-well plates were coated with 7- 

valent antigen mix (containing purified pneumococcal polysaccharide (ATCC) of 

serotypes 4, 6 B, 19F (all at a concentration of 20 pg ml'1), 9V, 14 and 23F (10 pg ml"1) and 

18C (2 pg ml'1)), lOOpl per well. ELISA was performed as described above, except that 

the secondary antibody used was goat anti-human polyvalent IgG conjugated to Horse 

Radish Peroxidase (HRP). Those that gave a positive result (absorbance at A4 5 0  greater 

than 1 .0 ) were re-screened on plates coated with polysaccharide of a single serotype.

Serotype-specific IgG, IgM and IgA titres in pre- and postimmunisation sera (day 0 and 

day 28, respectively) were determined for each of the five serotypes for which hybridomas 

were made, using ELISA (as above). A standard serum, 89SF (supplied by Carl Frasch, 

Center for Biologies Evaluation and Research, Rockville, MD, USA) was used as the 

reference serum. All samples were assayed in duplicate. The second antibody, HRP- 

conjugated goat anti-human IgG, IgM or IgA (Sigma, Dorset, GB), was used at a dilution 

of 1:1000, 1:500 and 1:1000, respectively. Ig concentrations were calculated using ELISA 

software (Revelations 2.0; Dynatech, GB) from the standard curve produced by 89SF. 

Antibody concentration is expressed in pg ml'1. See Table 3.2.

2.4.3 Identifying protective antibodies

Mice were primed by passive intraperitoneal immunisation with lOOpl ascites fluid 

containing 206,F-5 or tissue culture medium containing human mAb diluted 1:2 in PBS (as 

advised by Kolberg). Mice received doses 24 hours prior to infection and were boosted 

with the same dose 2 hours prior to infection. Test mice and Control mice, which received 

PBS alone, were infected with a dose of bacteria previously shown to cause disease (see 

Table 3.1). Following infection, the signs of disease were monitored for 10 or 15 days as 

described in §2 .2 . 1

2.5 Selection of peptide mimics of pneumococcal polysaccharide using phage display 

libraries

Peptide mimics of pneumococcal polysaccharide were selected by panning four different 

phage libraries: pVIII-9aa, pVIII-12aa and pVIII-12aa.Cys, and pVIII-15aa. These libraries 

display peptides composed of random 9 amino acid, 12 amino acid, and 15 amino acid
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residues, respectively. The pVIII-12aa.Cys library was cyclically restrained by the 

presence of two cysteine residues at positions 5 and 9, the remaining positions were 

occupied by random amino acids. The construction of these libraries has been previously 

described (Felici et a l 1991; Luzzago et a l 1993). The methods for screening phage 

display libraries (Harrison et a l 1996) were described in §1.5.2.

Escherichia coli TGI cells were used to propagate phage in this study. This strain was 

chosen for two reasons. 1) It displayed the sex pilus encoded by the F episome (F’) that 

allowed the filamentous phage to attach to the bacterium and infect. 2) TGI was a 

suppressor strain, which maintained that transcription of the pVIII fusion proteins in pC89 

was under the control of the Lac promoter. This meant that fusion gene transcription levels 

are low in the absence of IPTG so that only one or two copies of the oligopeptides were 

displayed on each phage particle surface. The presence of multiple copies of wild-type 

pVIII coat proteins ensured efficient phage packaging and infectivity.

Two methods were used in this study to select peptide mimics of pneumococcal 

polysaccharide from the phage-displayed peptide libraries (these are outlined in §2.5.1 and 

2.5.2). This was to eliminate any bias that may occur from using the same selection 

technique for all rounds of selection. The methods used for each round of panning for each 

monoclonal antibody are shown in Table 2.4. Subsequent rounds of selection will increase 

the prevalence of the reactive clones and the sequence of the selected peptide can be 

deduced from the sequence of the phagemid DNA (Felici et al. 1991).

Dr Carla LoPasso performed the selections with mAb 206,F-5, whereas I performed those 

with mAbs Db3G9, DM5 and 6b53. All were achieved in the facilities provided by the 

University of Messina under the direction of Prof Franco Felici.

2.5.1 Phage selection by Biopanning

The library was screened by the biopanning technique according to (Parmley and Smith 

1988). The mAb was incubated overnight at 4°C with 1010 transducing units (see §2.5.6.1 

for quantification of transducing units) of library in a total volume of 20 pi PBS. Under the 

same incubation conditions, a 6 cm Falcon Plate was coated with 10 pg streptavidin (stored 

at -20°C as 1 mg ml"1 lyophilised streptavidin (Sigma) in 10 mM PBS, 15 mM NaCl and 

0.05 % (w/v) NaNa) in a volume of 4 ml 50 mM sodium carbonate pH 9.6.
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Table 2.4 The concentration o f mAb and methods used for different rounds o f phage panning to select

peptide mimics of pneumococcal polysaccharides.

Antibody
reference

Libraries
screened

First round 
o f selection

Second Round 
o f selection

Third round 
o f selection

Fourth round 
o f selection

206,F-5
12aa,

12aa.Cys
15aa

Dynabeads

Dynabeads 
mAb cone": lpg

Biopanning 
mAb cone": 

lOnM
mAb cone :

Biopanning 
mAb cone": lpg

Dynabeads 
mAb cone": lp g

DM5
9aa
12aa

12aa.Cys

Biopanning 
mAb cone": 

lOpM

Dynabeads 
mAb cone": 

lOpM

Biopanning 
mAb cone": 

lOpM

Dynabeads 
mAb cone": 

10jiM

Db3G9
9aa
12aa

12aa.Cys

Biopanning 
mAb cone": 

lOpM

Dynabeads 
mAb cone": 

10pM

Biopanning 
mAb cone": 

lOpM

Dynabeads 
mAb cone": 

10jiM

9aa
12aa

12aa.Cys

Dynabeads

Dynabeads 
mAb cone": 

lOpM

Dynabeads 
mAb cone11: 

5pM

6b53 mAb cone": 
lOpM Biopanning 

mAb cone": 
lOpM

Biopanning 
mAb cone": 

lOpM

Dynabeads 
mAb cone": 

lOpM

The mAb-library mixture was then incubated with 0.25x concentration (in PBS) biotin 

conjugated goat anti-mouse IgG secondary antibody (Sigma) for 4 hours at room 

temperature or goat anti-human IgG-conjugated to biotin (Sigma B1140) for the human 

mAbs. Before use, the secondary antibodies were pre-adsorbed overnight at 4°C with 3.2 x 

1010 UV killed M l3 K07 phage particles to prevent non-specific binding. The streptavidin- 

coated Falcon plates were blocked with 10 ml BSA-Blocking Buffer (Stored at -20°C as 5 

mg ml'1 dialyzed BSA (Sigma A3912), 0.1 M NaHCC>3 (pH 8.6), 0.1 pg ml'1 streptavidin) 

for 1 hour at room temperature and then the phage-mAb-secondary antibody complex was 

added to the plate. The plate was incubated for 10 minutes on a rocking platform at room 

temperature before an extensive washing step; a fresh 5 ml of Washing Buffer (PBS
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containing 0.5 % v/v Tween20, pH7.5) was added at 3 minute intervals 10 times. Bound 

complexes were eluted by the addition of 800 pi Elution buffer (0.1 M HCl-glycine pH2.2 

containing 0.2 M 10 mg ml'1 BSA (added prior to use)) and incubated on a rocking 

platform for 10 minutes at room temperature.

2.5.2 Phage panning using Protein-G coated Dynabeads

Phage capture using Dynabeads was performed as described by the manufacturer 

(Instruction manual for Dynabeads coated in protein G (Dynal Biotech, Oslo, Norway, 

Product #100.04)). 10 pi of Dynabeads (as above) were used for each selection. At each 

step the reaction was incubated on a rotating stage. The beads were first washed twice by 

the addition of 500 pi of Washing Buffer (PBS containing 0.5 % (v/v) Tween20) and a 

magnetic particle separator (Dynal) was used to aspirate the supernatant.

The mAb was added at the required concentration (see Table 2.3). This mixture was 

incubated for 1 hour at room temperature. Then, using the magnetic particle separator the 

mAb-beads were washed 3 times for 10 minutes each with 500pl Washing Buffer. 

Unbound beads were blocked with 1 ml Milk-Blocking Buffer (PBS containing 0.5 % (v/v) 

Tween20, 1 mg ml*1 Non fat dry milk (Difco, Product Number 232100) and 0.1 % (w/v) 

NaN3) for 30 minutes at room temperature. Beads were separated from the Blocking Buffer 

with a magnetic particle separator and the solution was replaced with fresh Blocking 

Buffer for 30 minutes.

The beads were then incubated with 10 pi of phage (approx. 1011 TU) in 990 pi Blocking 

Buffer on a rotating rack for 4 hours at room temperature. Again the beads were washed 

(as before). Bound complexes were eluted by the addition of 450 pi Elution Buffer (0.1 M 

HCl-Glycine pH2.2 containing 0.2 M 10 mg ml'1 BSA (added fresh prior to use)) for 10 

minutes at room temperature. The mixture was neutralised by the addition of 32 pi 2 M 

Tris pH9.6 and eluted phage were stored at 4°C.

2.5.3 Phage Amplification

Phage concentrations following elution from panning were usually in the range of 1 x 105 -
O 1

1 x 1 0  TU ml* (Barbas et al. 2001). Increasing the size of the repertoire led to improved 

binding affinities (Harrison et al. 1996). Therefore the number of phage were amplified by
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1 nf

bacterial infection to around 10 ~ TU (see §2.5.6 for determination of phage concentration) 

before another round of selection was performed.

To amplify the numbers of phage, 200 pi of the eluted phage from each round of selection 

were added to 800 pi E. coli (TGI) (ODeoo 1.5 - 2.0) and incubated in a Thermomixer set 

to 37°C (Eppendorf Inc.) for 15 minutes and a further 30 minutes shaking. This method 

was modified from that described in Barbas et al., (2001). The 1 ml of infected bacteria 

was spread onto a large Petri dish containing Luria Agar, 100 mg f 1 ampicillin and 1 % 

(w/v) glucose and incubated overnight at 37°C. The following day the confluent bacterial 

lawn was scraped from the plate uaing 15 ml Luria broth (LB) containing 100 mg I 1 

ampicillin and 1 % (w/v) glycerol. 50 pi of the bacteria-phage suspension was grown at 

37°C until the OD6 0 0  was 0.2, at which time 109 TU ml'1 of helper wild-type phage (M l3 

K07) was added. This was because pC89 did not contain the complete genome of M l3. 

Therefore, a helper phage (known as M l3 K07) was needed to begin complete phage 

replication. M l3 K07 had a mutated gene II product that interfered less efficiently with its 

own origin of replication. Therefore, it preferentially bound to the recombinant origin of 

replication and completed the construction of the recombinant phage particles. 20 pg I"1 

IPTG was also added to promote growth of recombinant phage. Incubation continued for a 

further 4 hours and phage were recovered in the supernatant by centrifugation at 600x g  for 

40 minutes at 4°C. The phage supernatant was stored at 4°C until use.

2.5.4 Small-scale preparation of phage

If, after quantification (see §2.5.6), the phage concentration following amplification was 

not high enough, the phage were precipitated by the addition of polyethylene glycol (PEG). 

This method was adapted from Barbas (Barbas et al. 2001). PEG is a water-soluble waxy 

solid that binds to the phage to increase its molecular weight (MW). As the temperature 

decreased its solubility was greatly reduced, and it (and the phage) precipitated out of 

solution easily.

1.6 ml phage suspension was precipitated by the addition of 4 % (w/v) PEG8000 and 0.5

M NaCl and incubated at 4°C overnight. The following day, the phage were pelleted by

centrifugation at 10 OOOx g  for 30 minutes and re-suspended in 160 pi TBS (1.21 g I'1 Tris,

8.76 g I*1 NaCl, pH to 7.9). The precipitation step was repeated by the addition of 10 %

(w/v) PEG8000 and 1.25 M NaCl and incubation for 1 hour on ice. The precipitate was
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recovered by micro-centrifugation at 10 OOOx g  for 30 minutes. The supernatant was 

discarded and the walls of the eppendorf were dried with tissue and then placed in an 

incubator at 37°C for 5 minutes. Finally, the pellet was re-suspended in 32 pi TBS and 

stored at 4°C.

2.5.5 Large-scale preparation of phage

This method, adapted from Smith and Scott (Smith and Scott 1993), was particularly 

effective as a means of removing residual PEG, nucleases, proteases, and other 

contaminants from PEG-purified phage. Caesium chloride (CsCl) creates a density 

gradient when spun in an ultracentrifuge. Highly purified phage were then extracted from 

the supernatant. This method was recommended for large-scale purification and long-term 

storage of phage libraries (Barbas et al. 2001) and was performed by Dr Carla LoPasso 

(University of Messina, Sicily, Italy).

The phage were recovered from a 1 Litre overnight culture of phage-infected E. coli TGI 

cells by two successive 10 minute centrifugations (5000 and 8000 rpm in three 500 ml 

bottles in a Sorvall (Norwalk, CT) GS3 rotor at 4°C); the final supernatant was distributed 

equally in three 500 ml centrifuge bottles. After adding 0.15 vol PEG/NaCl solution (100 g 

PEG8000, 116.9 g NaCl and 475 ml water), the supernatant was thoroughly mixed and 

incubated overnight at 4°C. Precipitated phage were collected by a 30 minute 

centrifugation (8000 rpm in a Sorvall GS3 rotor at 4°C), removing all supernatant. The 

precipitate from all bottles were resuspended in a total of 30 ml TBS (50 mM Tris-HCl 

pH7.5, 150 mM NaCl, 0.02 % (w/v) NaNj) and transferred to a single Oak Ridge tube 

(Nalge, Rochester, NY). Any contaminants were cleared by a 10 minute, 15000 rpm 

centrifugation in a Sorvall SS34 rotor, and the phage were re-precipitated from the 

supernatant by adding 4.4 ml PEG/NaCl solution and incubating for 1 hr at 4°C. Phage 

were then collected by centrifugation at 4°C in a Sorvall SS34 rotor, again taking care to 

remove all supernatant, and finally resuspended in 10 ml TBS.

The PEG precipitated phage supernatant was transferred to a tared vessel and TBS added 

to bring the total net weight to 10.75g; 4.83g CsCl was added to bring the density to 1.30 g 

ml'1. The CsCl solution was transferred into a polyallomer tube (topped with mineral oil if 

necessary - tubes had to be filled to the top to prevent collapse during centrifugation) and 

centrifuged at 37 000 rpm for at least 40 hr in a SW41 rotor (Beckman Instruments) at 4°C.
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After centrifugation the tubes were carefully removed from the rotor and placed in a rack 

in a clamp stand. The clamped tube was then illuminated from the top with a strong visible 

light source (halogen lamp). By shining a bright light downward through the tube and 

looking through the wall of the tube at right angles to the light beam a translucent, non- 

flocculent phage band was visualised near the middle of the tube just above a sharp, white, 

flocculent band (probably PEG); 1015 particles can give a band ~1 cm wide (Smith and 

Scott 1993). The fluid overlying the phage was carefully aspirated and discarded to within 

2 mm of the band and the phage collected in a sterile glass pipetter attached to a peristaltic 

pump. If a quickseal polyallomer tube was used the phages were collected by puncturing 

the side of the tube with a 16G needle attached to a 3 ml syringe.

Phage were pooled (~10ml) and transferred to a 26 ml polycarbonate bottle for a Beckman 

60Ti rotor; the bottles were filled to the shoulder with TBS, inverted several times to mix 

and centrifuged at 50 000 rpm for 4 hr at 4°C to pellet the phage. The supernatant was 

poured off and discarded and the phage pellet was dissolved in 12 ml TBS per litre
1 3equivalent of starting culture; this gave an anticipated concentration of 3 x 10 phage/ml. 

This was transferred to a sterile Oak Ridge tube and centrifuged at 6500x g  for 10 minutes. 

Sodium azide was then added (to final concentration of 0.02 % (w/v)) to prevent the 

growth of contaminants and the phage-containing supernatant was stored at 4°C away from 

the light or in 50 % (v/v) glycerol at -18°C for long-term storage. Under these conditions, 

titres were stable for several years.

2.5.6 Phage quantification

2.5.6.1 Transducing Units

100 jLtl of phage was ten-fold serially diluted in 900 pi TBS (50 mM Tris-HCl pH7.5, 150 

mM NaCl, 0.02 % (w/v) NaN3 ) to a concentration of 10'5. 10 pi of each dilution was then 

used to infect 100 pi of E. coli TGI (that had previously grown to an OD6 0 0  0.2 in LB) and 

incubated in a Thermomixer set to 37°C (Eppendorf Inc.) for 15 minutes and a further 30 

minutes shaking. The infected bactreria were then spread onto LA containing 100 mg f 1 

ampicillin and viable counts were performed as described in §2.2.1.2. This method was 

described by Smith et al. (1993).
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2.5.6.2 Phage particles

Phage particles were quantified spectrophotometrically by measuring the optical density of 

a purified suspension at 269 nm and 320 nm (Day 1969). The phage preparation was first 

diluted 1:50 in TBS (50 mM Tris-HCl pH7.5, 150 mM NaCl, 0.02 % (w/v) NaN3). The 

equation shown in Figure 2.3, was used to calculate the number of phage particles 

(physical particles per litre), as mg I'1. This method was described by Barbas et al. (2001).

(OD269 -  OD320) x dilution factor x 6e16

3488

Figure 2.3. Equation for the calculation of phage particles (pg ml*1). As described by Barbas et al.,

(2001). An explaination to the constant values was not given.

2.5.7 Identifying individual reactive phage clones

The following sections describe the method of immunoscreening, which was used to 

identify individual clones that were selected for further investigation. Also described is a 

method of ELISA that was used to assess the mAb binding capabilities of individual 

recombinant phage (see also §2.3). The method used was described by Luzzago et al.

(1993)

2.5.7 Reagents

• Washing Buffer: PBS containing 0.5 % (v/v) Tween20

• Milk-Blocking buffer: PBS containing 0.5 % (v/v) Tween20, 1 mg ml'1 non-fat dry 

milk (Difco, Product Number 232100) and 0.1 % (w/v) NaN3).

• Substrate Buffer: 100 mM Tris-HCl pH9.6, 5 mM MgCl2, 100 mM NaCl

• Developing Solution: 100 mM Tris-HCl pH9.6, 5 mM MgCl2, 100 mM NaCl

containing 3.3 mg ml'1 nitro-blue tetrazolium chloride (NBT), and 1.65 mg ml'1 5- 

bromo-4-chloro-3'-indolylphosphate p-toluidine salt (BCIP)

2.5.7.1 Immunoscreening

Infected bacteria display phage coat proteins on the cell surface. Therefore the mAb was 

used to identify reactive colonies, following adsorption to a nitrocellulose filter.
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In preparation, phage infected E. coli (TGI) cells (that were scraped from the plate §2.5.3) 

were grown to mid-log phase (OD6 0 0  0.4) by incubation in LB containing 100 mg I*1 

ampicillin, and 100 mg I'1 kanamycin. A ten-fold serial dilution in TBS (50 mM Tris-HCl 

pH7.5, 150 mM NaCl, 0.02 % (w/v) NaN3) to 10-4 was performed and 100 pi of the 10'3 

and 10-4 dilutions were spread onto Luria agar containing 100 mg I'1 ampicillin, 100 mg I"1 

kanamycin and 20 pg I'1 IPTG and incubated overnight at 37°C.

A plate containing between 10-100 colonies was covered with a nitrocellulose filter 

(BIORAD Laboratories, Richmond, CA, USA; Catalogue number 170-3202) for 1 hour at 

room temperature. Absorbed colonies and the remaining filter were blocked with 8 ml of 

Milk-Blocking Buffer for 30 minutes at room temperature. Any remaining colony debris 

was removed by gentle rubbing with gloved hands under a steady stream of cold tap water. 

The blocking step was then repeated for a further 30 minutes.

Nitrocellulose filter

Incubate with antibody 
and wash

Colonies containing 
r phage of interest

Enzyme labelled 
secondary antibody Expose to substrate 

and develop

Surface of bacteria 
absrobed to  filter

Petri dish with 
bacteria containing 
recombinant phage

Position of desired colonies 
detected by the development 

of a colour change
Peel filter from plate to 
produce a replica of colonies

Figure 2.4. The protocol of immunoscreening as described by Luzzago et aL (1993). This diagram was 

modified from Alberts et al. (1994).

5 ml of mAb (diluted 1:100 in Milk-Blocking Buffer) was then added to the filter and 

incubated for 2 hours at room temperature. The filter was washed three times for 5 minutes 

in Washing Buffer, and then 5 ml of secondary antibody (as before §2.3) diluted 1:5000 in 

Milk-Blocking buffer was incubated on the filter for 1 hour shaking at room temperature.
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This procedure was followed by a thorough washing step of 10 applications of 5 ml 

Washing Buffer for 3 - minute intervals. 5 ml Substrate Buffer was then added to the filter 

for 3 minutes at room temperature. The Substrate Buffer was removed and replaced with 5 

ml Developing Solution. The reaction was stopped after 10 minutes by saturating the filter 

in tap water. Positive/reactive colonies were noted by a purple colour change on the filter 

and were traced to the corresponding colony on the agar plate. Colonies were removed 

from the plate using a toothpick into 50 pi PBS. Bacteria were heat inactivated at 70°C for 

15 minutes and phage were amplified as described in §2.5.3.

2.5.12 Determining the reactivity of positive clones by phage ELISA 

A phage ELISA was used to test the interaction of the individual phage with the mAb. 

Here a fixed concentration of each clone was bound to the plate, and therefore the results 

were used to compare the reactivity of each clone to identify those that demonstrated 

superior binding capabilities. The method used was previously described by Dente et al.

(1994).

Ninety-six well microtitre plates (Maxisorp, Nunc, Denmark) were coated overnight at 4°C 

with 1 pg ml"1 100 pl/well rat anti-pill (coat protein III) (Dente et al. 1994) in Coating 

Buffer. The next day, plates were blocked with Milk-Blocking Buffer for 1 hour at 37°C 

and washed three times with Washing Buffer. 100 pi of recovered phage supernatant from 

bacterial amplification (diluted 1:2 in Milk-Blocking Buffer), or phage purified to a 

concentration twenty times that of the amplified phage supernatant (using a CsCk gradient 

see §2.5.4) was added to each well and incubated for 1 hour at 37°C with shaking. The 

plates were washed three times as before, and 100 pi of mAb (approximately 1 pg ml'1 in 

Milk-Blocking Buffer) was added to the well and incubated for 2 hours at 37°C. Binding 

of the mAb to phage was detected using a secondary antibody (see §2.3.1.1) diluted 1:5000 

in Milk-Blocking Buffer and incubated for 1 hour at 37°C. Plates were developed using 

Developing solution and the absorbance was read at 405 nm after 1 hour at 37°C.

To determine the specificity of binding, approximately 1 pg ml'1 mAb solution was pre

incubated for 1 hour with either 1 pg or 10 pg of purified serotype specific pneumococcal 

capsular polysaccharide (ATCC). The DNA from the clones that showed a reduction in
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binding following pre-incubation with PnCPS was recovered and the amino terminus of the 

pVIII gene was sequenced (see §2.5.8). This provided the sequence of the inserted peptide.

2.5.8 Determination of the peptide sequence of the clones

DNA from the recombinant phage was obtained from recombinant phage by the method 

described by Felici et al. (1991). Phage infected bacterial colonies that were scraped from 

the agar plate in §2.5.3, were used to prepare plasmid DNA. 20 ml of this suspension was 

precipitated with PEG8000 (see §2.5.4) and finally resuspended in 200 pi TBS. This 

should contain at least 1011 phage particles. Phage were extracted once with an equal 

volume of phenol and once with an equal volume of chloroform in a 500 pi eppendorf 

tube. The final aqueous phase (100 - 150 pi) was transferred to a 1.5 ml eppendorf tube 

containing 250 pi TE and 40 pi 3M sodium acetate buffer (pH 6.0 with acetic acid), and 

the viral ssDNA was preciptated by adding 1 ml ethanol. This was incubated at 4°C for 1 

hour and the ssDNA was collected by centrifugation at 10 OOOx g  for 30 minutes. The 

DNA was briefly dried by aspirating the supernatant and gently washing in 70 % (v/v) 

ethanol. The pellet was finally dissolved in 7.5 pi water and stored at -20°C.

DNA of the recombinant pVIII gene was amplied by polymerase chain reaction (PCR) as 

described by Felici et al. (1991) and sequenced by the dideoxy-mediated chain termination 

method as described by Sanger et a l (1977). Sequences were analysed with the DNA 

Strider 1.2 software.

2.5.9 Analysis of the peptide sequences

2.5.9.1 Determining whether the occurrence of residues is significant or random 

To do this we determined a ratio (frequency) of occurrence of each amino acid. First the 

expected frequencies of each residue were calculated based on the number of 

oligonucleotides that encoded each amino acid that were used to construct the libraries. If 

the observed frequency was the same as the expected frequency (a ratio of 1.0) then the 

presence of these residues in the sequence was a random event, since the library was 

constructed randomly. Any ratio >1.0 indicated an over-representation of that residue 

(Mertens et al. 2001)

The theoretical (expected) frequency of each residue was calculated based on the 

proportion of each codon present in the randomly generated oligonucleotides used to
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construct the libraries, with each one coding a particular amino acid. This is shown in 

Table 2.5. Cysteine was excluded from the calculations since it was not randomly 

generated; it was fixed in the sequences of the pVIII-12aa.Cys peptides and did not appear 

in the 6B mimics. The ‘Z’ residue corresponds to the stop codon, since all peptides were of 

an expected length, it was logical to observe no stop codons (Mertens et al. 2001). The 

expected frequencies are shown below:

Table 2.5. The expected frequency of amino acid residues in a random 12aa peptide sequence based on 

the proportion of trinucleotides coding each residue

A D E F G H I K L M N P Q R S T V W Y Z

6.45 3.13 3.13 3.13 6.25 3.13 4.69 3.13 9.38 1.56 3.13 6.25 3.13 9.38 9.38 6.25 6.25 1.56 3.13 4.69

2.5.9.2 Sequence alignment

ClustalW was used to align the peptide mimics selected for each pneumococcal serotype. 

This programme was described by Thompson et al. (1994) and was freely available on the 

EMBL-EBI website (http://www.ebi.ac.uk/clustalw).

In the aligment sequence **’ signified that the residues or nucleotides in that column were 

identical in all sequences in the alignment. signified that conserved substitutions had 

been observed, according to the COLOUR in Table 2.6. V signified that semi-conserved 

substitutions were observed.

Table 2.6 Colour designations for the alignment of peptide sequences as depicted 

by the ClustalW program

Amino acid Designated 
coloura Group

AVFPMILW RED
Small and hydrophobic (including 

aromatic -Y)

DE BLUE Acidic

RHK MAGENTA Basic

STYHCNGQ GREEN Hydroxyl, Amine and Basic - Q

a from http://ebi.ac.uk and based on the algorithms of Thomson et al. (1994)
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The ClustalW program presented a score (percentage identity). A score above 30 - 40 % 

has been designated significant by previous researchers (A. Stark, personal 

communication). Therefore, since the peptides in this study were short and only exact 

matches were scored, the lower range of 30 % was used.

2.6 Immunisation with peptide mimics

2.6.1 Immunisation phage-displayed mimotopes

2.6.1.1 Preparation of phage

Filamentous phage M l3 displaying the peptide MP58 on its pVIII coat protein, that had 

been purified through a caesium chloride gradient, were used to immunise mice (see 

§2.5.4). Immunisation following purification of phage by this method has been shown to 

elicit a good quality antibody response towards the displayed protein and to reduce, but not 

completely eliminate, the induction of antibodies to contaminant bacterial antigens (Galfre 

etal. 1996).

2.6.1.2 Immunisation procedure

Previous studies where the phage-bound peptide was used as an immunogen to mice 

(Westerink et a l 1995; Galfre et a l 1996; Phalipon et a l 1997; Mertens et a l 2001) found 

that a dose of approximately 1011 phage particles (see §2.5.6.2) was sufficient to produce a 

specific response to the mimotope. This corresponds to about 1.3 pg of protein in pC89 

phagemid-derived libraries (Felici et a l 1991). The stock phage suspension was stored at 

4°C, at a concentration of 1 x 1014 phage particles ml'1 in PBS. Therefore, the stock phage 

suspension was diluted 1:10 in PBS and 10 pi of this was mixed with 57 pi PBS and 33 pi 

of ImjectAlum adjuvant (Pierce, Rockford, IL, USA). The phage and adjuvant were mixed 

for 30 minutes at room temperature prior to injection. 100 pi (1011 phage particles) of the 

immunisation solution was administered intraperitoneally per mouse. This route was 

shown to elicit a good immune response to peptide mimotopes in mice (Galfre et a l 1996).

Doses were administered according to the schedule described in Table 2.7 (groups 

MP58PHV1-4). Control mice received 33 pi ImjectAlum adjuvant in a total volume of 100 

pi PBS. This was also according to the same schedule. Following immunisation, two 

groups of mice immunised with the peptide mimics were challenged intraperitoneally with 

a dose of serotype 9V pneumococci previously shown to cause disease (see Table 3.1). The
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health status of animals was monitored for 10 days, as described in §2.2.1.3. The 

remaining group of mice was used to obtain a high quantity of serum by exsanguination.

2.6.2 Immunisation with KLH-displayed mimotopes

2.6.2.1 Peptide synthesis

All 9V peptide mimics were synthesised to immunograde purity (-70%) and conjugated to 

Keyhole Limpet Hemocyanin (KLH) or Bovine Serum Albumin (BSA) by Thermohybaid 

(Thermo Biosciences GmbH, Ulm, Germany). 6B mimics were conjugated to KLH or 

BSA by Cambridge Research Biochemicals (CRB, Billingham, Cleveland, UK). 

Cambridge Research Biochemicals used m-Maleimidobenzoyl-vV-hydroxysuccinimide 

ester (MBS) to link the peptide to the carrier protein through free amino groups. 

Thermohybaid coupled the peptides to a carrier protein using Carbodimide. Both methods 

are described in Harlow et al. (1988).

Peptides MP10 and MP2 were purified by HPLC prior to conjugation to KLH and 5 mg 

was provided as unconjugated peptide. This additional purification step inflated the cost of 

peptide synthesis dramatically and not all the peptides could be prepared this way. All 

peptides were supplied lyophilised.

For long-term storage, peptides were diluted to a concentration of 0.5 mg ml'1 in sterile 

PBS, aliquoted into 1 ml volumes, frozen at -70°C and lyophilised overnight. Samples 

could then be stored at -20°C.

2.6.2.2 Immunisation procedure

Three groups of 10 female MF1 mice (Harlan Olac, Bicester, UK) were given doses of 30 

pg peptide conjugated to KLH in 67 pi PBS and 33 pi ImjectAlum adjuvant (Pierce, 

Rockford, IL, USA). The peptide and adjuvant were mixed for 30 minutes at room 

temperature prior to injection. Mice were immunised intraperitoneally with 100 pi of the 

immunisation solution. This corresponded to a dose of 5 - 7 pg of the peptide mimic per 

mouse (A. Phalipon, personal communication). Doses were administered according to the 

schedule described in Table 2.7.

To determine whether pneumococcal polysaccharide could boost the immune response to 

the peptide mimic, some groups of immunised mice received two doses of peptide
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followed by an intraperitoneal dose of 30 pg pneumococcal polysaccharide (serotype 9V 

or 6B) in 67 pi PBS and 33 pi ImjectAlum adjuvant. The groups of mice that received 

polysaccharide are shown in Table 2.7.

Control mice received 30 pg KLH and 33 pi ImjectAlum adjuvant in a total volume of 100 

pi PBS. This was also according to the same schedule. Blood samples were extracted from 

the tail vein on the days described in Table 2.7. The blood was left to clot at room 

temperature for 1 hour and the serum was recovered by centrifugation at 5000x g  for 10 

minutes. The serum was stored at -70°C until needed.

Following immunisation, mice were challenged intraperitoneally with a dose of 

pneumococci previously shown to cause disease (see Table 3.1). The health status of 

animals was monitored for 10 day or 15 days (for 6B infections), as described in §2.2.1.3.

2.7 Immunisation schedules

Immunisation protocols with phage displayed mimotopes have been widely publicised 

(Westerink et al. 1995; Galfre et al. 1996; Phalipon et al. 1997; Mertens et al. 2001). On 

the basis of the findings of these studies, the following immunisation protocol was 

designed. The schedule we used was modified from that described by Galfre et al (1996) 

on the advice of A. Weintraub and K. Daalsgard (personal communications). Galfre et al 

(1996) recommends the following protocol: Day 0, obtain a sample of pre-immune serum 

and priming i.p injection of antigen, Day 21, boost with antigen, Day 42 second boost. As 

short peptides take longer to activate B-cells than proteins (because more epitopes are 

present) it was recommended that the first booster dose occurred 5 - 6  weeks following the 

primary dose (A. Weintraub and K. Daalsgard, personal communications). This would 

allow for the delayed primary response and enhance the booster response. Test bleeds were 

performed 10 days after immunisation
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Table 2.7 The immunisation schedules of peptide mimotopes selected from the phage-display library.

Day of action is represented by TP#. (-) represented no action taken

DAY OF ACTION
GROUP

ACTION MP2V1-3 MP2V4 MP7V1 MP7V2 MP7V3 MP10V1

Tail Bleed+ 
Immunisation I

TPO
MP2-KLH

TPO
MP2-KLH

TPO
MP7-KLH

TPO
MP7-KLH

TPO
MP7-KLH

TPO
MP10-KLH

Tail Bleed TP 14 
TP36 - TP42 TP42 TP42 TP14

TP36

I m m u n is a t io n  IT TP42
MP2-KLH -

TP42
MP7-KLH

TP42
MP7-KLH

TP42
MP7-KLH

TP42
MP10-KLH

Tail Bleed - - TP56 TP56 TP56 TP56

Immunisation HI - -
TP70

MP7-KLH
TP70

MP7-KLH
TP70

MP7-KLH
TP63

MP10-KLH

Tail Bleed - - TP84 TP84 TP 84 TP80

Tail Bleed* 
Challenge - TP98 TP112 TP112 TP112 TP105

GROUP

ACTION MP10V2 MP10V3 MP12V1 MP12V2 MP12V3 MP13V1-2

Tail Bleed + 
Immunisation I

TPO
MP10-KLH

TPO
MP10-KLH

TPO
MP12-KLH

TPO
MP12-KLH

TPO
MP12-KLH

TPO
MP13-KLH

Tail Bleed TP14
TP36

TP 14 
TP36 TP42 TP42 TP42 TP42

Immunisation II TP42
MP10-KLH

TP42
MP10-KLH

TP42
MP12-KLH

TP42
MP12-KLH

TP42
MP12-KLH

TP42
MP13-KLH

Tail Bleed TP56 TP56 TP56 TP56 TP56 TP56

Im m u n is a t io n  TIT- TP63
MP10-KLH

TP63 
6B PnCPS

TP70
MP12KLH

TP70
MP12KLH

TP70
MP12KLH

TP63
MP13-KLH

Tail Bleed TP80 TP80 TP 84 TP84 TP84 TP77

Tail Bleed *  
Challenge

TP105 TP105 TP112 TP112 TP112 TP105

GROUP

ACTION MP13V3 MP14V1 MP14V2 MP15V1 MP15V2 MP15V3

Tail Bleed + 
Immunisation I

TPO
MP13-KLH

TPO
MP14-KLH

TPO
MP14-KLH

TPO
MP15-KLH

TPO
MP15-KLH

TPO
MP15-KLH

Tail Bleed TP42 TP14
TP42

TP14
TP42 TP21 TP21 TP21

Immunisation II TP42
MP13-KLH TP42 -

TP42
MP15-KLH

TP42
MP15-KLH

TP42
MP15-KLH

Tail Bleed TP56 - - TP56 TP56 TP56

Immunisation BI TP63 
6B PnCPS - -

TP63
MP15-KJLH

TP63
MP15-KLH

TP63 
6B PnCPS

Tail Bleed TP77 - - TP77 TP77 TP77

Tail Bleed* 
Challenge

TP105 - TP 140 TP98 TP98 TP98
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DAY OF ACTION

GROUP

ACTION MP17V1-3 MP18V1-3 MP55V1 MP55V2 MP55V3 MP58V1

Tail Bleed + 

Immunisation I
TPO

MP17-KLH

TPO

MP18-KLH

TPO

MP55-KLH

TPO

MP55-KLH

TPO

MP55-KLH

TPO

MP58-KLH

Tail Bleed TP21 TP21 - - - -

Immunisation II
TP42

MP17-KLH

TP42

MP18-KLH

TP42

MP55-KLH

TP42

MP55-KLH

TP42

MP55-KLH

TP42

MP58-KLH

Tail Bleed - - TP56 TP56 TP56 TP56

Immunisation ID - -
TP63

MP55-KLH

TP63

MP55-KLH

TP63

MP55-KLH

TP63

MP58-KLH

Tail Bleed - - TP77 TP77 TP77 TP77

Tail Bleed + 

Challenge
TP98 TP98 TP103 TP103 TP103 TP103

GROUP

ACTION MP58V2 MP58V3 MP58PHV1 MP58PHV2 MP58PHV3 MP58PHV4

Tail Bleed+ 

Immunisation I
TPO

MP58-KLH

TPO

MP58-KLH

TPO 

PHAGE 58

TPO 

PHAGE 58

TPO 

PHAGE 58

TPO 

PHAGE 58

Tail Bleed - - - - TP37 TP37

Immunisation n
TP42

MP58-KLH

TP42

MP58-KLH

TP42 

PHAGE 58

TP42 

PHAGE 58

TP42 

PHAGE 58

TP42 

PHAGE 58

Tail Bleed TP56 TP56 TP56 TP56 TP56 TP56

Immunisation HI
TP63

MP58-KLH

TP63

MP58-KLH

TP63 

PHAGE 58

TP63 

PHAGE 58

TP70 

PHAGE 58

TP70 

PHAGE 58

Tail Bleed TP77 TP77 TP77 TP77 TP84 TP84

Tail Bleed + 

Challenge
TP103 TP103 TP113 TP113 TP112 TP112

2.8 Analysis of the immune response in immunised mice

A convenient assessment of the response to immunisation is quantifying the production of 

antibodies to the peptide mimic. The most practical test to assess antibody titres and/or 

concentrations is by an enzyme-linked immunosorbent assay (ELISA). This assay was 

widely described in literature (Harlow and Lane 1988)
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2.8.1 Direct ELISA

This method will also be referred to as ELISA. An ELISA was performed as illustrated in 

Figure 2.2. See §2.3.1 for a description of the reagents used. 96-well microtitre plates 

(Maxisorp, Nunc) were coated with either 2 pg m l1 of the appropriate pneumococcal 

polysaccharide, or 5 pg ml’ 1 of the peptide conjugated to BSA (or unconjugated peptide). 

These were diluted in Coating buffer and 100 pi was added to each well. The next day, 

plates were blocked with Milk-Blocking Buffer for 1 hour at 37°C and washed three times 

with Washing Buffer. The plates were washed three times as before, between each 

subsequent step prior to developing.

2.8 .1.1 Standard curve

To produce a standard curve, from which the antibody concentration in the mouse serum 

could be determined, the monoclonal antibody used to screen the phage libraries (206,F-5 

or Db3G9) was added to the peptide and polysaccharide coated plates. These mAbs are 

both of the isotype IgG and their concentrations are known (4 pg ml’ 1 and 3 pg ml’1, 

respectively). The reactivity of these mAbs, at different concentrations, to the antigen 

provided a range of absorbencies from which unknown IgG concentrations could be 

determined.

The mAbs were diluted in Milk-Blocking buffer as two-fold dilutions, starting at a 

concentration of 4000 ng ml’ 1 for 206,F-5 and 3000 ng ml’ 1 for Db3G9 and subject to 

ELISA as §2.8.1. A standard curve (for each peptide and polysaccharide) of A4 0 5  

measurements versus antibody concentration was constructed by linear regression (PRISM 

4).

2.8.1.2 Determining the anti-peptide and anti-polysaccharide IgG concentration in mouse 

sera

The serum from each mouse was assayed individually. Primarily, sera from time point 

TP77 or TP84 (see Table 2.7) were diluted two-fold in Milk-Blocking Buffer starting at 

1:100 or 1:250. This time point was used as it was thought the highest antibody 

concentration would be observed following the second boost immunisation. An ELISA 

was performed as described in §2 .8 .1 , although the secondary antibody was goat anti

mouse IgG conjugated to alkaline phosphatase (Sigma A2064). The dilution of serum,

which gave an absorbance within the linear range of the standard curve, was chosen for
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future work. Serum antibody concentrations were calculated using the linear regression 

equation from the respective standard curve.

To assess anti-peptide and anti-polysaccharide antibody production throughout the 

immunisation schedule, the dilution determined to be within the linear range for 

TP77/TP84 was performed for all time points and subjected to ELISA as above. Assays for 

all time points were assessed once the immunisation schedule was completed. This dilution 

was also used for competition ELISA and affinity binding assays.

2.8.2 Competition of the immune response

This inhibition assay was modified from that described by Mertens et al. (2001). It was 

performed primarily as described in §2.8.1, except that the mouse serum taken at time 

point T77 or T84 (depending on the schedule) was pre-incubated with either 0 pg, 20 pg or 

100 pg purified serotype specific pneumococcal capsular polysaccharide (253-X (9V), or 

225-X (6B) all from the ATCC), or 100 pg E. coli strain 0111:B4 lipopolysaccharide 

(Sigma) as a negative control. These concentrations of polysaccharide were added to 200 

pi diluted serum in Milk-Blocking buffer and the suspension was mixed on rotating rack at 

room temperature for 45 minutes. The suspension was then divided equally between 

peptide-coated wells and the ELISA done as described as §2.8.1.1. The absorbance was 

determined at 405 nm after 1 hour.

The inhibition of antibody binding was calculated (as a percentage) from the difference in 

antibody concentration obtained from all immunised mouse serum incubated with 0 pg to 

100 pg PnCPS. Eight randomly selected sera from each peptide immunisation were used to 

obtain an average (mean) inhibition of binding using E. coli LPS.

2.8.3 Antibody avidity for peptide and polysaccharide antigens

This assay was done as described in §2.8.1, except that following incubation with the 

mouse serum taken at time point T77 or T84 (depending on the schedule) the peptide or 

polysaccharide coated plate was treated with a concentration gradient of ammonium 

thiocyanate (4 M, 2 M, 1 M, 500 mM, 250 mM, 125 mM, 62.5 mM NH4SCN in distilled 

water) for exactly 15 minutes at room temperature. This method had been described 

previously (Goldblatt et al. 1998; Guttormsen et al. 2002). Different concentrations of 

ammonium thiocyanate (as before) were added to a single dilution of serum in order to
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dissociate low avidity antibody from the antigen-coated plates. The molar concentration of 

ammonium thiocyanate resulting in 50 % reduction in the amount of antibody that 

remained bound was termed the avidity.

2.8.4 Fluorescent labelling of bacteria

Antibodies generated from immunisation with peptide mimics were incubated with 

pneumococci in suspension. This determined whether these antibodies could bind to 

pneumococci and could potentially act to opsonise the bacteria. The presence of bound 

antibody was detected by using a fluorescent-labelled secondary antibody. This method 

was modified from that of Mounier et a l (1997) (Mounier et al. 1997).

A 10 ml culture of pneumococci was grown statically overnight at 37°C in BHI. This was 

spun at 600x g  for 10 minutes and re-suspended in 10 ml 3.7 % (w/v) paraformaldehyde in 

PBS for 20 minutes at room temperature. The suspension was centrifuged as before and the 

pellet washed four times by re-suspension in an equal volume of sterile water. 

Approximately 1 x 106 cfu pneumococci (determined by viable count prior to 

formaldehyde treatment (see §2.2.1.2)) were incubated overnight with approximately 100 

pg anti-peptide serum (determined as in §2.8.1) from a mouse that was identified to 

produce polysaccharide-reactive antibodies following immunisation with a peptide mimic 

(see §2.8.1). The antibody-bacteria complex was centrifuged (600x g  for 5 minutes) and 

washed in PBS three times. This was then incubated with fluorescein isothiocyanate 

(FITC)-conjugated goat anti mouse IgG (Sigma F5387) diluted 1:2000 for 1 hour at 37°C. 

Identification of fluorescent bacteria was performed at a magnification of xlOOO under oil 

immersion using a conventional fluorescent microscope (Nikon Diaphot) with a 

FITC/Ex507nm filter and emission of 529nm.

2.8.5 Toxicity studies

To determine the cause of the toxicity observed during immunisation with peptides MP2, 

MP14, MP17 and MP18, a further peptide was synthesised. This was referred to MP2m (a 

modified sequence of the peptide MP2) and was conjugated to KLH prior to immunisation. 

The sequence of MP2m was NH2 -AEGEFWGPRVIFQNVTVGDPAK -  COOH (the 

modified residues are highlighted in boldface). The glutamic acid (E) and aspartic acid (D) 

residues present in MP2 were replaced by glutamine (Q) and asparagine (N) respectively,
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as it was thought that the presence of acidic amino acids in the sequence maybe the cause 

of the toxic effects, since these were absent in the peptides that were safe.

Groups of five female MF1 mice were given a dose of 30 pg antigen (peptide MP2, MP2m 

or serotype 6B capsular polysaccharide) in PBS with Alum Imject adjuvant, see schedule 

in Table 2.8. Mice were immunised intraperitoneally with 100 pi.

As is seen in Table 2.8, mice belonging to group V6 received an oral dose of the 

antihistamine (HI blocker), cetirizine hydrochloride (Molekula, Dorset, UK) prior to 

challenge. Mice received a single dose of 0.6 mg diluted in 100 pi sterile water by oral 

gavage (using a 18G x 30mm canula) each day for 3 days, the last dose was administered 1 

hour prior to challenge. This was based on the published examples of cetirizine use in mice 

(Musoh et a l 2000; Kayasuga et al. 2002; Shimizu et al. 2004). Control mice were, in this 

case, group VI which received no antihistamine.

Mice belonging to group V5 were primed with lOOpl of the mAb Db3G9 (tissue culture 

medium diluted 1:4) by passive intraperitoneal immunisation 24 hours prior to challenge 

and boosted with the same dose 1 hour prior to challenge. Control mice, in this case group 

VI, received PBS prior to challenge.

Blood samples were extracted from the tail vein and then mice were challenged 

intraperitoneally with a dose of 30 pg antigen (peptide MP2, MP2m or serotype 6B 

polysaccharide) in PBS with Alum Imject adjuvant. The health status of animals was 

monitored critically for a maximum of 2 hours. Mice were culled if significant morbidity 

(Lethargic ++) was observed. Cardiac puncture under terminal anaesthesia was performed 

to recover blood from mice that have reached the end stage of the experiment or at the 

same time point from mice from the control group that did not develop disease signs.

To elucidate the mechanisms of peptide toxicity, the body temperature of all mice was 

recorded before and immediately following challenge using a 1319 K-type rectal 

thermometer (TES, Taipei, Taiwan). The temperature was recorded once the digital display 

rested at either its maximum value or displayed a value for more than 10 seconds.
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Table 2.8 The immunisation schedules of peptide MP2 and MP2m.

DAY OF ACTION

GROUP (numbers)

ACTION MP2V5 MP2V6 VI V2 V3 V4

Immunisation I MP2 PBS MP2 MP2 MP2m MP2

Action - - - - - -

Tail Bleed TP21 TP21 TP21 TP21 TP21 TP21

Immunisation II
TP21 TP21 TP21 TP21 TP21 TP21

PNEUMO PNEUMO MP2 MP2m MP2m 6b PnCPS

Tail Bleed - -
CARDIAC

PUNCTURE

CARDIAC

PUNCTURE

CARDIAC

PUNCTURE

CARDIAC

PUNCTURE

GROUP (numbers)

ACTION V5 V6 V7 V8

Immunisation I MP2 MP2 MP2m 6B PnCPS

Action Db3G9 CETIRIZINE - -

Tail Bleed TP21 TP21 TP21 TP21

Immunisation II
TP21

MP2

TP21

MP2

TP21

MP2

TP21

MP2

Tail Bleed
CARDIAC

PUNCTURE

CARDIAC

PUNCTURE

CARDIAC

PUNCTURE

CARDIAC

PUNCTURE

Day of action is represented by TP#. ( - )  represents no action taken. Each group contained five mice.

Serum was collected by cardiac puncture at the end of the experiment and was analysed for 

histamine contents by a method previously described (Sanmugalingam et al. 2000). This 

was performed by Dr Peter Bradding (Department of Infection, Immunity and 

Inflammation, University of Leicester, UK). Briefly, this method incorporated a 

radioactive label ( H) into any histamine present by the addition of rat histamine methyl 

transferase. A solvent was then used to separate the organic layer containing the 3H 

histamine, and the level of radioactivity was used to quantitate the histamine concentration 

based on a standard.
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2.9 Statistical analyses

Survival data were analysed by the Kaplan-Meier survival curve analysis using the PRISM 

4.0 (GraphPad) statistical programme. The median survival time was calculated by sorting 

all the survival times for each group into ascending order. The median was the middle 

value. If this could not be calculated the mean of all the survival times was calculated. The 

TD50 (Time to death 50 %) was also calculated. This is a measurement of time taken for 

50 % of the mice killed by challenge to die.

Signs of disease in mice were scored as described in §2.2.1.3 and analysed using a non- 

parametric Kruskal-Wallis test and/or a one tailed non-parametric T-test (PRISM 4.0 

(GraphPad)).

To determine the serum antibody concentrations collected from immunised mice, linear 

regression (using MS-Excel (Microsoft)) was performed on a standard curve of 

absorbances determined by a dilution series of a known concentration of monoclonal 

antibody (see §2.8.1.1).

The differences in antibody titres and/or concentrations obtained by experimental and 

control groups of mice from ELISA data were analysed by a T-test (PRISM 4.0 

(GraphPad)). To determine whether the antibody response changed following subsequent 

boost immunisations, a repeated measure ANOVA was performed, since this method 

analyses the same subject at different time points.

Avice on the use of statistical analyses was given by Miss Zanaib Ansari (Medical 

Statistician, GSK, UK).
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Part B: Heteroloeous Expression of Pneumococcal Polysaccharide 

2.10 DNA techniques

2.10.1 Isolation of pneumococcal chromosomal DNA

This method was adapted from Davies (1990). S. pneumoniae (strain WU2) serotype 3 was 

grown overnight at 37°C in BHI containing 10 % (v/v) FCS. 1 ml of the starter culture was 

used to inoculate 10 ml BHI with 10 % (v/v) FCS and after 6 hours incubation at 37°C was 

centrifuged at 600x g  for 10 minutes. The pellet was resuspended in 200 pi TE with 20 % 

(w/v) sucrose. To this 50 pi of 75 mM EDTA containing 1 % (w/v) SDS and 2.5 mg 

proteinase K (Sigma) was added and left overnight at 37°C. The following morning the 

clear solution was made up to a total volume of 1 ml with nanopure water and phenol 

extracted and ethanol precipitated (see §2.10.2.1.2). The resulting DNA pellets were 

resuspended in 50 - 100 pi nanopure water and stored at 4°C.

2.10.2 Preparation of plasmid DNA

The reagents and methods used for the extraction of plasmid DNA were taken from 

Maniatis et al. (1982). The solutions listed below were autoclaved after preparation, except 

Solution II, which was prepared fresh prior to use.

2.10.2 Reagents

Solution I: 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0

Solution II: 0.2 M NaOH, 1 % (w/v) SDS

Solution III: 3 M potassium acetate pH 4.8 containing 11.5% (v/v) glacial acetic

acid

A single colony was removed from an overnight culture of E. coli on LA containing the

appropriate antibiotic and used to inoculate a 10 ml Luria Broth (LB) starter culture

(including appropriate selective antibiotic). This was incubated overnight at 37°C in a 

shaking incubator at 220rpm.

2.10.2.1 Small-scale plasmid preparations (“miniprep”)

1.5 ml of the overnight culture was poured into a microcentrifuge tube and centrifuged at 

3500x g  for 1 minute. This was repeated and the bacterial pellet was finally resuspended in 

100 pi of Solution I and incubated at 15 - 25°C for 5 minutes. Then 200 pi of freshly
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prepared Solution II was added to lyse the cells and the contents mixed by gentle inversion 

and incubated on ice for 5 minutes. 150 pi of Solution III was then added to neutralise the 

pH and complex denatured chromosomal DNA to protein and SDS. This was mixed gently 

until a white precipitate formed. The insoluble protein-DNA-SDS complex was then 

removed by centrifugation at 12, OOOx g  for 5 minutes at 2 - 8°C. The plasmid-containing 

supernatant was transferred to a sterile microcentrifuge tube, to which 2.5 volumes 

(approx. 450 pi of cold absolute ethanol was added and incubated at room temperature for 

30 minutes to precipitate the DNA. The precipitate was recovered by centrifugation at 12, 

OOOx g  for 10 minutes at 2 - 8°C and the pellet was washed cold 70 % (v/v) ethanol. The 

pellet was then dried at 37°C for 20 minutes and re-suspend in 50 pi sterile redistilled 

water. 0.5 pi (-20 mg ml*1) RNase, DNase-free (Roche) was added to degrade RNA at 

37°C for 30 minutes. The sample was then extracted twice with phenol/chloroform and 

once with chloroform/isoamyl alcohol as described in §2.10.2.1.1.

2.10.2.1.1 Phenol extraction of proteins

To remove contaminating proteins from a DNA solution, an equal volume of 

phenol:chloroform (48 % (v/v) liquid phenol, 48 % (v/v) chloroform and 2 % (v/v) isoamyl 

alcohol) was added to the sample and gently mixed. The top aqueous phase containing the 

DNA was separated from the lower organic phase by centrifugation at 12, OOOx g  for 5 

minutes. The top aqueous layer was transferred to a fresh microcentrifuge tube and another 

equal volume of phenol:chloroform was added and the step above repeated. A further step 

to remove any remaining phenol was to add an equal volume of chloroform-isoamyl 

alcohol (96 % (v/v) chloroform, 4 % (v/v) isoamyl alcohol). Again, the sample was spun 

and the top aqueous phase was retained. The DNA in solution was then ethanol 

precipitated as described in §2.10.2.1.2.

2.10.2.1.2 Ethanol precipitation

DNA was precipitated from the sample by the addition of 1/10 volume 3M sodium acetate 

(pH5.2) and 2 - 3  volumes of 100 % ethanol. This was placed on ice for 30 minutes (or at - 

20°C overnight) and then spun at 12, OOOx g  for 20 minutes. The pellet was washed in fresh 

70 % (v/v) ethanol and recentrifuged as above. The pellet was then air dried for 10 minutes 

and resuspended in 20 pi sterile redistilled water.
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2.10.2.2 Large scale plasmid preparations (“maxiprep“l

When a higher concentration of plasmid DNA was needed, the following modifications to 

the protocol outlined in §2.10.2.1 were performed.

5 ml of the overnight culture was used to inoculate 500 ml of LB (including appropriate 

selective antibiotic) and grown overnight at 37°C in a shaking incubator. The following 

day the culture was dispensed into 400 ml centrifuge tubes (brand) and centrifuged (using 

the GS-3 rotor of the Sorval centrifuge) at 9000x g  for 10 minutes at 4°C. The pellet was 

resuspended in 25 ml Solution I containing 4 mg ml'1 lysozyme powder. This was mixed 

gently by inversion and incubated at room temperature for 10 minutes.

50 ml Solution II was rapidly mixed with the viscous lysate by inversion 4 or 5 times (until 

a clear lysate appeared). 37.5 ml cold Solution III was mixed thoroughly into the lysate by 

inversion and incubated on ice for 10 minutes. The precipitate was removed by 

centrifugation at 15, OOOx g  for 30 minutes at 4°C and the supernatant was promptly 

filtered through a 5 ml gilson tip plugged with polymer wool taped to top of a clean 250 ml 

centrifuge pot containing 2/3 volume (~70 ml) isopropranol (propan-2-ol). This was 

incubated at room temperature for 10 minutes. The precipitate was recovered by 

centrifugation (as above), now using the small rotor at 10, OOOx g  for 10 minutes at room 

temperature (to prevent salt co-precipitating) and the pellet was carefully washed (so as to 

not disturb the pellet) in 5 ml 70 % (v/v) ethanol. This was allowed to drain and then dried 

for 10 minutes at 37°C. The pellet was finally resuspended in 3 ml sterile redistilled water. 

10 pi (-20 mg ml"1) RNase, DNase-free (Roche) was added to degrade RNA at 37°C for 30 

minutes. The sample was then extracted twice with phenol/chloroform and once with 

chloroform/isoamyl alcohol as described in §2.10.2.1.1.

2.10.3 DNA isolation from plant tissue

DNA was isolated from plant tissue using the DNeasy Plant Mini Kit (Qiagen Cat #69104) 

and by following the protocol outlined in the manufacturer’s handbook 100 mg of leaf 

tissue was crushed with a pellet pestle under liquid nitrogen in an eppendorf tube. 400 pi of 

buffer API (provided in the kit) containing 10 mg ml'1 of RNase A was added to the 100 

mg of plant tissue and vortexed vigorously. The mixture was incubated at 65°C for 10 

minutes to lyse the cells and mixed a couple of times during incubation. 130 pi of buffer 

AP2 (provided in the kit) was then added to the lysate to precipitate the detergent, protein
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and polysaccharides. This mixture was incubated on ice for 5 minutes. The lysate was then 

applied to the QIAshredder Mini Spin Column and centrifuged at 20, OOOx g  for 5 minutes 

(as recommended in the manufacturer’s handbook). The lysate was recovered from the 

collection tube and transferred to a fresh tube containing 1.5 volumes buffer AP3/E 

(provided in the kit) and mixed by pipetting. 650 pi of this mixture was then added to a 

DNeasy Mini Spin Column and centrifuged for 1 minute at 6000x g. The flow-through was 

discarded and the spin was repeated with the remaining sample. 500 pi of buffer AW 

(provided in the kit) was then added to wash the column by centrifugation at 6000x g for 1 

minute. This washing step was repeated, but centrifugation occurred for 2 minutes at 20, 

OOOx g. The column was left to dry at room temperature for 5 minute, to rid the column of 

any residual ethanol. DNA was then eluted by the addition of 50 pi of buffer AE (provided 

in the kit), which was incubated at room temperature for 5 minutes and then spun at 6000x 

g for 1 minute. This was repeated with a further 50 pi of buffer AE. Eluted DNA was 

stored at 4°C.

2.10.4 Polymerase chain reaction (PCR)

2.10.4 Reagents

• Nanopure water, autoclaved and exposed to UV light for 20 minutes

• 125 mM of each deoxynucleotide; dATP, dTTP, dGTP, dCTP (Advanced 

Biotechnologies Ltd). This concentration was achieved by mixing 12.5pi of each 

dNTP solution supplied with 950pl of nanopure water. These were aliquoted and 

stored at -20°C.

• 5 pM of forward and reverse primer

• lxThermoPol Reaction Buffer: 20 mM Tris-HCl (pH8.8), 10 mM (NFL^SCU, 10 

mM KC1, 2 mM MgSC>4 , 0.1 % Triton X-100 (New England Biolabs, Beverly, MA, 

USA).

• 1 unit / 50 pi of Deep VentR DNA Polymerase (New England BioLabs, Beverly, 

MA, USA).

2.10.4.1 Colony PCR

Colonies were picked from the agar with a sterile toothpick and vigorously mixed in 20 pi 

nanopure water in a small eppendorf tube. A hole was made in the cap with a needle and
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the eppendorf tube was placed in a polystyrene rack in a boiling water bath for 5 minutes. 5 

pi of this suspension was used as a template for PCR.

2.10.4.2 PCR of c d s3 S

PCR reactions (Saiki et al. 1988) were done to amplify the cps3S gene from the serotype 3 

S. pneumoniae capsular polysaccharide biosynthesis cassette, the sequence of which was 

obtained from GenBank (www.ncbi.nlm.nih.gov) accession number U15171 (Dillard et al. 

1995). The following oligonucleotide primers were used: sense (CPSFOR) 5’-CTG GTA 

CCC ATG TAT ACA TTT ATT TTA ATG TTG TTG G-3’ corresponding to 2227 bp -  

2254 bp with a Kpn I restriction site inserted at the 5’ end (indicated in bold); anti-sense 

(CPSREV) 5’- TCA TCA CTC TGT TAA ATT CCT AGT TCC -3’, corresponding to 

3454 bp -  3479 bp of the type 3 capsular polysaccharide gene cassette. A primer was also 

constructed that would bind 2863 bp -  2891 bp of the cps3S gene 5’- TGC TTA CCT GGT 

CGA ACA ATT GCT TTT AG -3’. This was named CPSMID as it was used to sequence 

the middle region of the cps3S gene. All primers were constructed by MWG-Biotech 

(MWG-Biotech, Ebersberg, Germany). To incorporate a histidine-tag to C-terminus of the 

protein, a further anti-sense primer was constructed (CPSHIS) 5’- TCA TCA ATG ATG 

ATG ATG ATG ATG TCA TCA CTC TGT TAA ATT CCT AGT TCC -3’.

The PCR amplification was performed with the reagents described above, in a total volume 

of 50 jul. For the initial cloning of the cps3S gene from type 3 pneumococcal chromosomal 

DNA, 2 pg genomic template (a 1:10 dilution of extracted DNA) was used. For 

identification of recombinant plasmids, 2 pg of purified plasmid DNA was used. An initial 

denaturation was performed at 94°C for 4 minutes and then a cycling procedure comprising 

denaturation at 94°C for 45 seconds, annealing at 58°C for 1 minute, and extension at 72°C 

for 1 minute 30 seconds, which was repeated either 10 or 30 times, and a final extension at 

72°C for 10 minutes. The amplification was carried out on a Thermocycler PCR machine 

(PTC-200, MJ Research) and the amplified products of all PCRs were analysed by agarose 

gel electrophoresis, see §2.10.5.

2.10.4.3 PCR of the Multiple Cloning Site of pRSET C

PCR reactions (Saiki et al. 1988) were done to amplify the cps3S gene from pRSET in 

order to identify clones containing the pCMS5 vector. The following oligonucleotide 

primers were used: sense (T7) 5’- TAA TAC GAC TCA CTA TAG GG - 3’; anti-sense
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(pRSET-REV) 5’- TAG TTA TTG CTC AGC GGT GG -3’. These were constructed by 

MWG-Biotech (MWG-Biotech, Ebersberg, Germany). These primers flank the multiple 

cloning site in pRSET C and were used to determine whether the cloned gene had been 

correctly introduced to the pRSET vector. If cps3S was present in pRSET C, PCR using 

these primers should amplify a band of -1.3 Kbp, whereas if transformation of a vector 

containing an empty multiple cloning site had occurred, a band of only 42bp would be 

amplified.

The PCR amplification was performed with the reagents described above, in a total volume 

of 50 pi. 2 pg of small-scale purified plasmid DNA was used as a template. An initial 

denaturation was performed at 95°C for 5 minutes and then a cycling procedure comprising 

denaturation at 94°C for 1 minute, annealing at 55°C for 1 minute, and extension at 72°C 

for 1 minute 30 seconds, which was repeated times, and a final extension at 72°C for 10 

minutes. The amplification was carried out on a Thermocycler PCR machine (PTC-200, 

MJ Research) and the amplified products of all PCRs were analysed by agarose gel 

electrophoresis see §2.10.5.

2.10.4.4 PCR of the Multiple Cloning Site of pCambia 2301

The sequence of the vector pCambia 2301 was obtained from GenBank 

(www.ncbi.nlm.nih.gov) accession number AF234316. Oligonucleotide primers sense 5’- 

CGG CTC GTA TGT TGT GTG GAA TTG TGA -3’ (CAMFOR); anti-sense 5’- GGG 

GAT GTG CTG CAA GGC GAT TAA -3’ (CAMREV), were constructed by MWG- 

Biotech (MWG-Biotech, Ebersberg, Germany). These primers bind to regions flanking the 

multiple cloning site of pCambia 2301 and were used to determine whether the cloned 

gene had been correctly introduced into the pCambia vector. If cps3S was present in 

pCambia 2301, PCR using these primers should amplify a band of ~2.5 Kbp, whereas if 

transformation of a vector containing an empty multiple cloning site had occurred, a band 

of only 106bp would be amplified. These primers were used to identify clones containing 

the pCMS4 vector.

^  i

2 pg of small-scale purified plasmid DNA was used as a template and an increased Mg 

concentration, 187.5 pM, was needed to assist primer annealing. An initial denaturation 

was performed at 94°C for 4 minutes and then a cycling procedure comprising denaturation 

at 94°C for 45 seconds, annealing at 63°C for 45 seconds, and extension at 72°C for 2
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minute 30 seconds, which was cycled 35 times, and a final extension at 72°C for 10 

minutes. The amplification was carried out on a Thermocycler PCR machine (PTC-200, 

MJ Research) and the amplified products were analysed by agarose gel electrophoresis see 

§2.10.5.

2.10.4.5 PCR for the detection of Azrobacterium sp. contamination 

Oligonucleotide primers (VCF/VCR) were designed based on the sequences of the virC 

operon located on Tj and Rj plasmids of phytopathogenic Agrobacterium strains to detect 

these plasmids by PCR (Sawada et al. 1995). The virC operon is absent in the binary 

vector (pCMS3 or pCMS4) therefore this method could be used to detect the presence of 

Agrobacterium sp. as a contaminant of transgenic plants. This would support conclusions 

that the amplified cps3S, from the PCR described in §2.10.4.2, was due to the presence of 

the transgene in plant cells rather than the presence of the binary vector in residual 

bacteria.

A universal primer set (VCF/VCR) for PCR analysis based on the sequence of the 

virulence region C (virC) operon located on Tj and Rj plasmids have been designed to 

detect these plasmids. The virC operon is a conserved region of both Ti and Ri plasmids 

required for T-DNA processing and transfer and therefore, can be used to detect the 

presence of most phytopathogenic Agrobacterium strains (Sawada et al. 1995). The 

oligonucleotide primers used were sense (VCF) 5’- ATC ATT TGT AGC GAC T -3’ 

corresponding to 1289 bp -  1375 bp of the virC operon and anti-sense (VCR) 5’- AGC 

TCA AAC CTG CTT C -3’ corresponding to 604 bp -  589 bp (Sawada et al. 1995). These 

primers define a 730 bp region on the virC operon, and the size of the amplified DNAs will 

coincide with that of the target region flanked by the primer set. Both primers were 

constructed by MWG-Biotech (MWG-Biotech, Ebersberg, Germany).

The PCR amplification was performed with the reagents described before in a total volume 

of 50 pi. 2 pg of small-scale purified plasmid DNA was used as a template. An initial 

denaturation was performed at 95°C for 2.5 minutes and then a cycling procedure 

comprising denaturation at 95°C for 1 minute, annealing at 55°C for 1 minute, and 

extension at 72°C for 2 minutes, which was cycled 40 times, and a final extension at 72°C 

for 7 minutes (Sawada et al. 1995). The amplification was carried out on a Thermocycler
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PCR machine (PTC-200, MJ Research) and the amplified products were analysed by 

agarose gel electrophoresis, see §2.10.5.

2.10.4.6 Purification of PCR products

Amplified DNA resulting from PCR were purified from the PCR reagents using the 

QLAquick PCR purification kit (Qiagen). This was done following the manufacturer’s 

instructions. 5 volumes of buffer PB was mixed with 1 volume of PCR sample. The 

mixture was placed in a QLAquick spin column rested in a 2 ml collection tube. The 

apparatus was spun at 12, OOOx g  for 1 minute, to bind the DNA. The flow-through was 

discarded and the bound DNA was washed by the addition of 750 pi buffer PE. The tube 

was then recentrifuged for 1 minute. DNA was eluted from the column into a fresh 

eppendorf tube by the addition of 50 pi buffer EB. After a minute or two, the column was 

spun at 12, OOOx g  for 1 minute and the eluted DNA was collected in a fresh collection 

tube.

2.10.5 TAE-agarose gel electrophoresis

This method was described by Maniatis et al (1982). Agarose gel electrophoresis was used 

to separate different MW DNA fragments. The agarose concentration of the gel was 

dependant on the size of DNA to be observed, usually 0.7 % (w/v) for fragments larger 

than 3 Kb and 1.5 % (w/v) for fragments larger than 10 Kb. Therefore 0.7g Agarose 

(Seakem) was dissolved in 100 ml lx  TAE buffer (50x TAE buffer: 57.1 ml glacial acetic 

acid, 0.5 M EDTA (pH8), 242 g Tris-base, in a total volume of 1000 ml water, pH 8.0) by 

heating for a few minutes in a microwave oven. The solution was allowed to cool before 

the addition of 0.5 pg ml'1 ethidium bromide. The gel was poured into a suitable mould, 

Once set, the gel was transferred to a gel tank containing lx TAE buffer (as above). Each 

DNA sample was mixed with lx  loading buffer (6x loading buffer: 15 % (w/v) Ficoll 400 

in water, 0.25 % (w/v) xylene cyanol FF, 0.25 % (w/v) bromophenol blue) and loaded into 

the wells produced by the removal of the gel comb. The first well was filled with either a 1 

Kb ladder (Gibco/BRL, or New England Biolabs) or XlHinD III ladder (Gibco/BRL) (for 

fragments >9Kb) to determine the size of the DNA samples.

A constant voltage of 70 mV for an 8cm x 10 cm gel was applied to separate the DNA 

fragments. DNA was visualised under UV light on a long-wave UV transilluminator.

96



Materials and Methods -  Part B

2.10.5.1 Gel extraction of DNA

DNA fragments were excised and purified directly from the agarose gel. This was done 

using the QIAEX II gel extraction kit (Qiagen) and following the manufacturer’s 

instruction. The DNA was visualised under the UV light of a long-wave UV 

transilluminator. With a clean scalpel, the portion of gel containing the DNA band of 1200 

bp was excised. The gel slice was placed into a previously weighed eppendorf tube and the 

weight of the gel slice alone was determined. 3 volumes of buffer QX1 to 1 volume of gel 

was added to the gel. Then 10 pi of QIAEX II was then added to the sample and the 

mixture incubated in a water bath set to 55°C for 10 minutes with regular inversion to aid 

dissolution of the gel. The colour of the mixture remained yellow, indicating a neutral pH. 

The suspension was centrifuged to remove bound DNA and the pellet was washed with 

500 pi QX1 to remove residual agarose contaminants. The pellet was further washed twice 

with buffer PE to remove residual salt contaminants and then was left to air dry for 10 - 15 

minutes. DNA was eluted in 20 pi 10 mM Tris-HCl, pH8.5 and spun at 12, OOOx g  for 1 

minute to remove any insoluble contaminants.

2.10.6 Spectrophotometric quantification of DNA

DNA concentrations were quantified from A2 6 0nm using an UV/visible spectrophotometer 

(Ultrospec 3000, Pharmacia Biotech). DNA was prepared as a 1:70 dilution in 1 ml sterile 

redistilled water, and lOOpl was placed inside a quartz cuvette. Sterile redistilled water was 

used as the blank. The absorbance of the DNA was measured at 260 nm and 280 nm. DNA 

was quantified based on 50 pg ml'1 double stranded DNA having an optical density of 1.0 

at 260 nm (using a 10 mm pathlength cell) (Brown 1991). Therefore the concentration of 

DNA in the sample was calculated from the equation:

DNA (pg ml'1) = A2 6 0  x 50 x dilution factor.

The ratio of absorbance at 260 nm and at 280 nm was recorded to assess the purity of the 

DNA solution. A pure DNA solution has an A2 6 0 -A2 8 0  absorbance ratio of 1.8; a ratio 

below this may indicate protein contamination.

2.10.7 DNA sequencing

All DNA sequencing was performed by MWG-Biotech (MWG-Biotech, Ebersberg, 

Germany). For each sequencing reaction, DNA was provided at a concentration of 0.01 -
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0.06 pg pi’1. Also 10 pi of each primer was provided at a concentration of 10 pM pi'1, as 

recommended by the MWG-Biotech. Analysis of sequencing data was performed using 

Genetool (Version 2.0, BioTools Inc.).

2.10.8 Restriction Digestion

DNA restriction digests were performed by restriction endonucleases that cut double

stranded DNA at specific recognition sites, generating sticky (staggered) or blunt ended 

fragments. The restriction digests were performed as described before (Maniatis et al. 

1982). All restriction endonucleases were purchased from Gibco/BRL and were generally 

used at a concentration of 5 units (0.5 pi) in a total volume of 20 pi (2 pi lOx reaction 

buffer (Gibco/BRL) made up with nanopure water). Generally, the reaction was incubated 

with 500 ng ml'1 of target DNA for 30 minutes or 2 hours at 37°C, but if a different 

concentration of DNA was used, it is stated in the cloning method. When completed, the 

digestion reaction was either analysed by agarose gel electrophoresis or, if to be used for 

ligation the enzymes were first heat inactivated for 10 minutes at 65°C.

2.10.9 Ligation

Ligations were performed by the methods described by Maniatis et al. (1982). The 

efficiency of ligation was directly correlated to the ratio of vector to insert; a molar ratio of 

1:3, vector:insert was generally used. To calculate the appropriate quantity of insert to 

include in the ligation reaction, the following equation was used:

ng of vector x kb size of insert x insert:vector ratio = ng of insert 

kb size of vector

To maximise the probability of intermolecular interactions, the ligation reaction was 

performed in as small a volume as possible. Typically this volume was set to 10 pi. If the 

concentration of DNA was too low for this volume, the sample was ethanol precipitated 

(see §2.10.2.1.2) and resuspended in a smaller volume. To perform the ligation reaction, 

the DNA of the vector and insert were added to 1 pi of lOx T4 DNA ligase buffer 

(Promega) and 0.5 pi (3 units) T4 DNA ligase (Promega).

If the ligation reaction was to be used for transformation by electroporation, the DNA was 

first ethanol precipitated (§2.10.2.1.2) to reduce the concentration of salt and the pellet 

resuspended in an equal volume of nanopure water.
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2.11 Cloning

2.11 Overview

cps3S was cloned into five different vectors, which are listed in Table 2.6. These vectors 

allowed stable conservation of the cps3S gene following PCR from the genomic DNA of 

the type 3 pneumococcus (pCR-4-TOPO and pGEM-T Easy), analysis of protein 

expression in planta (pCHF2 and pCambia 2301) and analysis of protein expression in 

recombinant bacteria (pRSET C).

The scheme for cloning of Cps3S is shown in Figure 2.5. This figure shows that the cps3S 

gene cloned into all expression vectors was the product of the same PCR reaction. This 

maintained the same sequence and allowed comparisons to be made between the 

expression of the protein in each plasmid. As each plasmid contained the same sequence of 

cps3S, no differences in the transcription of the gene would be expected.
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Cps3S gene from serotype 3 Streptococcus pneumoniae

PC R  with C PS F O R  and 
C PSR EV  p rim e rs

P C R  w ith C PSFO R  an d  C PSH IS 
p rim ers

</pC R  4-T O PO ^
Cps3S-HIS

N
r^nl

[  P C -®  1
\ pCM S2

t  4373 bp y

^----M l  M l

- J

'
pC M Sl

Digest w ith Kpn I, 
Pst I

Cps3S (1.2 Kb)

pCM S3

pGEM-T-
Easy

PCR product conservation 

Protein Expression

Digest w ith EcoR I, 
Kpn I

<^Cambia 230^>_

D igest w ith EcoR I, Kpn I 
an d  Kpn I , HinD I II

Cps3S (2.2 Kb) Cps3S (2 Kb)
pRSET C

pCM S4

J

Figure 2.5. The cloning of cps3S from the genomic DNA of the type 3 pneumococcus. Plasmid 

restriction maps were obtained using NEBcutter from www.neb.com. See Figure 2.6 for detailed view 

of plasmids.
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EcoR I 
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4203  bp

pCMSS

Figure 2.6. Plasmid restriction maps constructed during the cloning o f cps3S  from the genomic

DNA of the type 3 pneumococcus. The ORF shown represents cps3S. Restriction maps were 

obtained using NEBcutter from www.neb.com
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Table 2.9 Vectors used for the m aintenance and expression of cps3S in different systems.

Vectors Description
Reporter

genes
Reference

This vector was used for cloning blunt ended PCR

products. The EcoR I restriction sites flanking the MCS

pCR-4-

TOPO

and the 3’ Pst I site was also convenient for future 

cloning work in this study. Transformed bacteria 

expressed ampicillin resistance and were identified by 

blue/white screening. Bacteria containing re

circularised pCR-4-TOPO were eliminated by the 

expression o f the lethal E.. coli gene ccdB.

bla,

LacZ,

ccdB

Manufacturer’s

handbook

(Invitrogen)

This vector was used for cloning PCR products. The

presence of a 3’ T overhang improves efficiency of

pGEM-T

Easy

ligation by preventing re-circularisation of the plasmid. 

A 3’ Pst I site was also convenient for future cloning 

work in this study. Transformed bacteria expressed 

ampicillin resistance and blue/white screening 

identified those containing the recombinant plasmid.

bla,

LacZ

Manufacturer’s

handbook

(Promega)

This vector is a derivative o f pPZP222, which is a plant

pCHF2

expression vector used for Agrobacterium mediated 

gene transfer. Transformed bacteria expressed
aadA,

aacCl

(Hajdukiewicz et 

al. 1994)4)

spectinomycin resistance, whilst transformed plants GenBank U10463

expressed gentamycin resistance.

This vector also derives from the pPZP family o f plant

pCambia

2301

expression vectors used for Agrobacterium mediated 

gene transfer. Transformed bacteria and plants 

expressed kanamycin resistance and blue/white 

screening of the roots using the Gus assay identified 

those containing the recombinant plasmid.

nptll,

gusA

CAMBIA,

Canberra,

Australia

This vector was used to determine whether

recombinant bacteria expressed Cps3S. This was

pRSET C

because bacterial culture is a faster system than plant. 

pRSET C provided in frame transcription and an 

upstream Shine-Delgano sequence for ribosome
bla

Manufacturer’s

handbook

(Invitrogen)
binding. The presence of the pLysS plasmid in

transformed bacteria allowed stricter control o f the

expression levels o f the cloned protein.
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2.11 Recombinant Plasmids

Table 2.10 Plasmids constructed for the maintenance and expression o f cps3S  in different organisms.

The table shows the source of the cps3S gene and the restriction enzymes used for construction of the

recombinant plasmids. Also shown are the organisms transformed with the plasmid.

Plasmid Technical name Source o f 
transgene

Enzymes used 
fo r  

construction

Organisms
Transformed

pCMSl pTOPO-c/wiS
cps3S PCR 

product
-

Escherichia coli 

Topi OF’

pCMS2 pGEM -cps3SHIS
His-tagged cps3S 

PCR product
- E. coli DH5a

E. coli ToplOF’

pCMS3 pGEM-cps3S pCMSl
Kpn I, Pst I Agrobacterium

tumefaciens

Arabidopsis thaliana

E. coli ToplOF’

A. tumefaciens

EcoR I, Kpn I
A. rhizogenes

pCMS4 pCambia-cps3S pCMS3
and

Kpn I, HinD IH

Nicotinia tobacum cv 

Samsun

Arabidopsis thaliana 

Lotus corniculatus

pCMS5 pRSET-cps3S pCMS3 EcoR I, Kpn I
E. coli 

BL21(DE3)pLysS
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2.11.1 Recombinant plasmids for PCR product conservation

2.11.1.1 Cloning of cps3S into pCR4-TOPO

pCR4-TOPO was used as a PCR conservation vector because amplified PCR products 

made using Thermostable DNA polymerases with proof-reading activity, such as Deep 

Vent polymerase, are blunt ended fragments. This vector allowed the cloning of blunt- 

ended fragments. See Table 2.9 for more details.

DNA from 10 cycles of two PCR reactions with the CPSFOR and CPSREV primers were 

combined and purified using the QLAquick PCR purification kit (Qiagen) see §2.10.4.6. 

The PCR fragment was ligated into the blunt ended insertion site of the vector pCR4Blunt- 

TOPO (Invitrogen, Carlsbad, CA, USA). Approximately 120 ng of the purified PCR 

product was ligated to 40 ng of pCR4-TOPO, using 0.5 pi (3 units) of T4 DNA ligase 

(Promega) 0.5 pi T4 DNA ligase buffer (Promega) in a total volume of 5 pi. The reaction 

was incubated at room temperature for 10 minutes as described in the manufacturer’s 

handbook for pCR4Blunt-TOPO (Invitrogen). All of the 5 pi was then transformed into 45 

pi of CaCh competent E. coli ToplOF’ by heat shock (see §2.12.1.1.1). Cells were cultured 

on LA containing 0.5 mM IPTG, 80 pg ml'1 X-Gal and 100 pg ml"1 ampicillin. White 

colonies harbouring the recombinant plasmid were picked and screened by colony PCR 

with the CPSFOR and CPSREV primers (see §2.10.4.2). Purification of plasmids 

containing an insert were performed as described in §2.10.2.2. The pCR4-TOPO vector 

carrying the cps3S gene was named pCM Sl.

pCMSl was used to sequence the amplified cps3S PCR product. This was achieved using 

T7 and SP6 commercially available primers of the pCR4-TOPO vector. These primers 

sequenced through the MCS of the pCR4-TOPO vector, which contained the amplified 

cps3S PCR product. The primer CPSMID (see §2.10.4.2) was also used to sequence the 

middle region of the cps3S gene. This was performed by MWG-Biotech (Ebersberg, 

Germany) see §2.10.7.

2.11.1.2 Cloning of cps3S into pGEM-T Easy

pGEM-T Easy has a 3’-T overhang at the insertion site and therefore, did not allow the 

cloning of blunt ended PCR products. Therefore, the cps3S-HIS PCR fragment was 

modified using an A-tailing procedure. This method ensures that only one insert will be
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ligated into the vector as opposed to multiple insertions that can occur with blunt-ended 

cloning.

DNA from 10 cycles of two PCR reactions using the CPSHIS and CPSREV primers were 

combined and purified using the QLAquick PCR purification kit (Qiagen), see §2.10.4.6. 

To add an A-tail, 7 pi of purified PCR product was mixed with 1 pi (5 units) Taq DNA 

polymerase (Bioline), 1 pi lOx Taq DNA polymerase buffer with MgCh, 0.2 mM dATP to 

a final reaction volume of 10 pi in distilled water.

This mixture was incubated at 70°C for 20 minutes. 150ng (3 pi) of the purified PCR 

product was ligated into 50 ng (1 pi) of the pGEM-T Easy vector using the pGEM-T Easy 

Vector system following the method described in the manufacturer’s handbook (Promega, 

Madison, WI, USA). 0.5 pi (3 units) of T4 DNA ligase (Promega) and 5 pi Rapid ligation 

buffer (Promega) was used to perform the ligation in a total volume of 10 pi. The reaction 

was incubated at room temperature for 1 hour as recommended in the pGEM-T Easy 

cloning kit. 2 pi of this reaction was transformed into 40 pi electrocompetent E. coli DH5a 

(see §2.12.1.1.1). Transformed cells were selectively grown on LA containing 0.5 mM 

IPTG, 80 pg ml'1 X-Gal and 100 pg ml'1 ampicillin. White colonies harbouring the 

recombinant plasmid were picked and screened by colony PCR with the CPSFOR and 

CPSREV primers (see §2.10.4.2). The purification of plasmids containing an insert was 

performed as described in §2.10.2.2. The pGEM-T Easy vector carrying the cps3S gene 

with the 3’ Histidine tag was named pCMS2.

2.11.2 Expression Vectors

2.11.2.1 Cloning of cps3S into pCHF2

The cps3S gene was ligated into the multiple cloning site of a derivative of the binary

vector pPZP222 (Hajdukiewicz et a l 1994). The derivative used was designated pCHF2

and contained, within the T-DNA, a duplicated CaMV35S promoter upstream of a PR1B

signal sequence coding region, the multiple cloning site and the rbcS (ribulose-1, 5-

bisphosphate carboxylase small subunit) terminator sequence from pea. The CaMV35S

promoter was thought to drive strong constitutive expression of the transgene and it has

been shown to function efficiently in all plants, as well as green algae, yeast and E. coli

(Cummins et al. 2000). A low level of expression has also been detected in Agrobacterium

(McIntosh et a l 2004). The PR1B signal sequence was thought to direct secretion of the
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transgene product via the endoplasmic reticulum to the apoplast (Denecke et al. 1990). The 

apoplast is the site of plant cell wall polysaccharide synthesis and so the type 3 synthase 

(Cps3S) was expected to have access to the required precursor pools in that compartment. 

The pPZP222 vector also contains, within the T-DNA region, a gentamicin 

acetyltransferase (aacCl) gene that will confer gentamicin resistance on transformed cells. 

Outside the T-DNA region the pPZP222 vector has a bacterial spectinomycin resistance 

gene aadA, encoding aminoglycoside-3-adenyltransferase that will confer spectinomycin 

resistance to transformed bacterial cells. See Figure 2.7.

pCHF2 T-DNA region 
10.2Kb

Sma I
Kpn I

AatVL ' 
Spe I

Bam HI
P stI

T-Border
(right)T-Border 

(left) | _
aacCl > poly A aadAprlb rbcs term 35S35S35S LacZ

MCS

Figure 2.7. The vector pCHF2. A CaMV35S promoter, rbcS terminator region, and a PR1B signal 

sequence were cloned into the T-DNA region o f the pPZP222 vector (Hajdukiewicz et al. 1994). The unique 

restriction endonuclease sites are also shown.

pCMSl and pCHF2 were first prepared by large-scale DNA extraction (see §2.10.2.2). 17 

pg of a large-scale preparation of pCMS 1 was digested with restriction endonucleases Kpn 

I and Pst I in a total volume of 25 pi (see §2.10.8). This was because a Pst I restriction site 

was needed downstream of the 3’ end of cps3S for sub-cloning into pCHF2. 5 pg of 

pCHF2 was similarly digested with Kpn I and Pst I in a total volume of 20 pi. This was so 

the cps3S fragment would be ligated in the correct orientation. Digested DNA fragments 

were separated on a 0.7 % (w/v) TAE-agarose gel electrophoresis (see §2.10.5) and the 

bands of 1331 bp and 10.2 Kbp, for the cps3S gene and the pCHF2 vector respectively, 

were extracted from the agarose gel using the QIAEX II gel extraction kit (Qiagen), see 

§2.10.4.6.
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Gel-extracted DNA from cps3S and pCHF2 were ligated using T4 DNA ligase (Promega), 

see §2.10.5.1. 1 jug of the pCHF2 fragment was ligated with 1 pg of the cps3S fragment 

(approximately a 1:3 molar ratio) in a total volume of 10 pi. The reaction was incubated at 

room temperature for 1 hour and 2 pi was transformed into 50 pi of CaCl2 competent E. 

coli ToplOF’ by heat shock (see §2.12.1.1.1). Cells were cultured on LA containing lOOpg 

ml"1 spectinomycin. Spectinomycin resistant colonies harbouring the recombinant plasmid 

were screened by small scale DNA extraction. DNA was digested with Kpn I and Pst I. 

Digested DNA fragments were analysed on a 0.7 % (w/v) TAE-agarose gel. pCHF2 

carrying the cps3S gene was named pCMS3.

2.11.2.2 Cloning of cps3S into pCambia 2301

The plant expression vector pCambia 2301 was used for a number of reasons. 1) It 

contained a gusA gene, which allowed analysis of gene function or presence in plants by 

the (3-glucuronidase (GUS) assay (see §5.11.1). To eliminate the possibility of background 

expression by residual bacteria the gusA gene coding sequence was interrupted by a castor 

bean catalase intron, since Agrobacterium was incapable of processing introns. 2) It 

conferred kanamycin resistance to transformed plants (by expression of the nptll gene), 

which was technically easier to select for than gentamicin resistance (which was conferred 

by transformation with pCHF2). 3) The pUC18 polylinker within the DNA for the LacZa 

peptide fragment allowed blue/white screening of clones in E. coli, which allowed 

enhanced selection of transformants.

pCMS3 was digested with either EcoR I and Kpn I or Kpn I and HinD III into two 

fragments of 850 bp and 1460 bp respectively. Together these fragments form an important 

region of the T-DNA region of pCMS3. As with pCMS3, once these fragments are ligated 

into pCambia 2301 the duplicate CaMV35S promoters and PR IB signal sequence will 

drive strong constitutive expression of the cps3S gene and direct secretion of the transgene 

product to the apoplast, respectively.

pCMS3 was prepared by large-scale DNA extraction (see §2.10.2.2) and 2 pg was digested 

in two separate reaction tubes with either EcoR I and Kpn I, or Kpn I and HinD III using 10 

units of each enzyme (Gibco/BRL), in a total volume of 20 pi nanopure water containing 2 

pi lOx React buffer 4 (Gibco/BRL). This was incubated for 30 minutes at 37°C. The 

enzymes were then heat inactivated for 10 minutes at 65°C
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pCambia 2301 T-DNA region 
5391 bp Histidine tagKpn I PstI

Gus second exon
HinDU

T-Border
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T-Border
(right)CaMV35S

polyA
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Gus first exon

Figure 2.8. The T-DNA region of the pCambia 2301 vector. The unique restriction endonuclease cutting 

sites are also shown.

2 pg of pCambia 2301 (CAMBIA, Canberra, Australia) was digested with 10 units of each 

enzyme, EcoR I and HinD III (Gibco/BRL), in a total volume of 20 pi nanopure water 

containing 2 pi lOx React buffer 4 (Gibco/BRL). This was incubated for 30 minutes at 

37°C. The enzymes were then heat inactivated 10 minutes at 65°C.

The two pCMS3 fragments were simultaneously re-ligated with the pCambia 2301 vector 

in a molar ratio of 3:3:1 respectively (using approximately 8 ng of the 850 bp pCMS3 

fragment: 13 ng of the 1900 bp pCMS3 fragment: 100 ng of the 11.6 Kbp pCambia 

vector). 2 pi of this reaction was transformed into 50 pi of electrocompetent E. coli 

(DH5a) (see §2.12.2.2). Cells were cultured on LA containing 100 pg ml'1 kanamycin. 

Colonies harbouring the recombinant plasmid were kmr and colony PCR using the 

CPSFOR and CPSREV primers (see §2.10.4.2) further revealed the presence of the cps3S 

gene by PCR. The colonies that produced a PCR product of ~1.3Kb were prepared by 

small-scale purification (§2.10.2.1) and digested with EcoR I (see §2.10.8). Digested DNA 

fragments were analysed on a 0.7 % (w/v) TAE-agarose gel. pCambia 2301 carrying the 

CaMV35S promoters, PR1B signal sequence, cps3S gene and terminator sequence was 

named pCMS4.

The pCMS4 plasmid was then prepared by large-scale DNA extraction (see §2.10.2.2) and 

transformed into Agrobacterium tumefaciens strain GV3101 by heat shock (see 

§2.12.1.2.1). pCMS4 was also cloned into A. rhizogenes strain LBA9402 by triparental 

mating (see §2.12.3). Transformed A. tumefaciens and A. rhizogenes were screened on 

YEP or YMB agar respectively (see §2.1), containing 100 pg ml'1 rifampicin (to maintain 

Agrobacterium chromosomal DNA) and 100 pg ml'1 kanamycin. Plasmids were purified
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using a modified method of that described before §2.10.2.1. A single colony was used to 

inoculate a 5 ml YMB broth containing rifampicin (100 pg ml'1) and kanamycin (100 pg 

ml'1) and incubated for 2 days at 28°C. The cells were harvested at 600x g  and resuspended 

in 150 pi Solution I (see §2.10.2.1) containing 4 mg ml'1 lysozyme. PCR using CPSFOR 

and CPSREV primers (as §2.10.4.2) confirmed the presence of the cps3S gene.

2.11.2.3 Cloning of cps3S into pRSET C

The cultivation of a bacterial culture has many advantages over whole plant culture, 

especially for protein expression work. Bacterial cell suspension cultures grow more 

rapidly and have greater homogeneity and, consequently a high proportion of the cells are 

in direct contact with the antibiotic selection in the culture medium. This is unlike whole 

plant cell culture as antibiotic selection is ceased after rooting and transfer to soil. 

Therefore, we cloned cps3S into the bacterial expression plasmid pRSET C. This vector is 

a pUC-derived expression vector used for high-level expression and purification of 

recombinant proteins in E. coli (pRSET technical manual, Invitrogen). The strong T7 

promoter controlled expression of the transgene.

Two studies have previously reported the expression of Cps3S in E. coli (Arrecubieta et al. 

1996a; Cartee et al. 2001). This was not without difficultly, as Cps3S was thought to be 

toxic to E. coli when over expressed (Cartee et al. 2001). The level of expression therefore 

needed to be closely regulated. Arrecubieta et al (1996) found success cloning into E. coli 

containing the DE3 bacteriophage (Arrecubieta et al. 1996). The DE3 bacteriophage 

contains a lac repressor, which represses expression of T7 RNA polymerase. In this study, 

we used E. coli BL21(DE3)pLysS (Invitrogen, Carlsbad, CA, USA) cells, which were 

designed for expression of genes regulated by the T7 promoter. T7 RNA polymerase 

specifically recognised this promoter and the delivery of T7 RNA polymerase to the cells 

was necessary for expression of the transgene. The BL21(DE3)pLysS E. coli strain carried 

the DE3 bacteriophage and the pLysS plasmid. The pLysS plasmid produced T7 lysozyme 

that bound to T7 polymerase to inhibit transcription. Both DE3 and pLysS acted to reduce 

basal expression of T7 RNA polymerase and therefore, completely blocked expression of 

the transgene. Expression of the transgene could be induced by the addition of IPTG 

(pRSET technical manual, Invitrogen).
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The CaMV35S promoter present in pCMS3 also functioned as a promoter in E. coli. It was 

important that this was not cloned into the pRSET C, as it would drive expression of cps3S 

independently of the T7 regulators.

pCMS3 was prepared by large-scale DNA extraction (see §2.10.2.2). 9 pg of pCMS3 was 

digested with 10 units of EcoR I and Kpn I in a total volume of 50 pi and buffer 4 (Gibco). 

This reaction was incubated for 2 hours at 37°C and then heat inactivated for 10 minutes at 

65°C. pCMS3 was digested at two restriction sites to ensure the gene ligated into pRSET C 

in the correct orientation, (see Figure 2.7).

7.6 pg of pRSET C was also prepared by large-scale DNA extraction and digested with 10 

units of EcoR I and Kpn I in a total volume of 50 pi nanopure water containing 5 pi of 

buffer 4 (Gibco). This reaction was incubated for 2 hours at 37°C and then heat inactivated 

for 10 minutes at 65°C. The digested products were analysed on a 0.7 % (w/v) TAE- 

agarose gel and the vector fragment was gel extracted (see §2.10.5.1).

Digested DNA of cps3S and pRSET C were ligated using T4 DNA ligase (Promega) see 

§2.10.9. 2 pg of the pRSET C fragment was ligated with 2 pg of the cps3S fragment 

(approximately a 1:3 molar ratio) in a total volume of 20 pi. The reaction was incubated at 

room temperature for 1 hour and 20 ng of the ligation mixture was transformed into E. coli 

BL21(DE3)pLysS by heat shock see §2.12.1.1.1. Cells were cultured on LA containing 34 

pg ml'1 chloramphenicol (to maintain the pLysS plasmid) and 100 pg ml'1 ampicillin (for 

selection of clones containing pCMS5). pRSET carrying the cps3S gene was named 

pCMS5. Chloramphenicol and ampicillin resistant colonies harbouring the pLysS and 

pCMS5 vectors, respectively, were screened by small-scale purification of plasmids as 

described in §2.10.2.1. The identification of clones containing the pCMS5 plasmid and not 

the reformed pRSET C vector were analysed by PCR, using the PRSET-REV and T7 

primers (see §2.10.4.3).

110



Materials and Methods -  Part B

2.12 Bacterial Transformation

Table 2.11 Plasmids and the method used to transform bacteria

Plasmid [DNA] used fo r  
transformation

Species
(strain) Method Selection

pCMSl 20 ng/ 50 pi E. coli (ToplOF’) Heat shock Ampicillin, 
IPTG, X-Gal

pCMS2 1 0 n g /4 0 p l E. coli (DH5a)
Electroporation 
(pGEM manual 

(Promega))

Ampicillin, 
IPTG, X-Gal

pCMS3 E. coli (ToplOF’) Heat shock Spectinomycin

33 ng /4 0  pi E. coli (DH5a)

Electroporation 
(T4 DNA ligase 

manual 
(Invitrogen))

Kanamycin

pCMS4

-
A. rhizogenes 
(LBA9402)

Triparental
mating

Kanamycin
Rifampicin8

1 pg / 50 pi A. tumefaciens 
(GV3101)

Heat Shock Kanamycin
Rifampicin8

pCMS5 20 ng / 40 pi E. coli 
(BL21(DE3)pLysS)

Heat shock 
(One Shot cells 

manual 
(Invitrogen))

Ampicillin,
Chloramphenicolb

8 Rifampicin is needed to maintain the Ti or Ri plasmids in Agrobacterium species. These plasmids essentially 

transfer the T-DNA region of the binary vector into the infected plant cell genome.

b Chloramphenicol is needed to maintain the pLysS plasmid in the BL21(DE3) cells. This plasmid allowed 

stricter regulation of transgene expression (see §2.11.2.3).

2.12.1 Bacterial Transformation by heat shock

Cells washed in CaCb (see §2.12.1.1) achieve a state of competence during which DNA 

molecules may be admitted to the cell (Maniatis et al. 1982). When these cells were
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subjected to a sudden increase in temperature (shock) the pores enlarged allowing foreign 

DNA to enter.

2.12.1.1 Escherichia coli

2.12.1.1 Preparation of CaCl? competent E. coli cells

The preparation of E. coli cells for heat shock transformation was done as described by 

Maniatis et al. (1988) (Maniatis et al. 1988). A 20 ml overnight culture of E. coli DH5a or 

ToplOF’ was used to inoculate a fresh 200 ml LB broth (a 1:10 dilution) and the cells were 

grown at 37°C to an OD6 0 0  between 0.4 - 0.6 ( 2 - 4  hours) to ensure the cells were in mid

log phase. The cells were harvested by centrifugation at 600x g for 10 minutes at 4°C in 50 

ml Falcon tubes and were drained until all traces of LB broth were removed. At all times 

the cells were kept on ice. The pellet was then resuspended in 50 ml cold 100 mM CaCL 

(in 10 mM Tris pH 8) and incubated on ice for 30 minutes. This was repeated and cells 

were harvested as before. Finally the cells were gently resuspended in 4.5 ml 100 mM 

CaCL (in 10 mM Tris pH 8) containing 10 % (v/v) glycerol, aliquoted into 40 pi volumes, 

snap-frozen on dry ice and stored at -70°C.

2.12.1.1.1 Transformation

CaCL competent E. coli ToplOF’ or E. coli DH5a cells (see §2.12.1.1) were transformed 

as described by Maniatis et al. (1988). 2 pi of plasmid DNA was added to the cells and left 

on ice for 20 minutes. The cells were then subjected to 42°C for 45 seconds and then 

resuspended in 1 ml SOC broth (2 % (w/v) Tryptone, 0.5 % (w/v) Yeast Extract, 10 mM 

NaCl, 2.5 mM KC1, 10 mM, MgCL, 10 mM MgSC>4 , 20 mM glucose). Cells were 

incubated for 1 hour shaking at 37°C before plating onto LA agar containing a selective 

antibiotic (see Table 2.11).

2.12.1.2 Agrobacterium tumefaciens

2 .1 2 . 1 . 2  Preparation of CaCL competent A. tumefaciens cells

The preparation of A. tumefaciens cells for heat shock transformation was modified from

that described by Draper et al. (1988). A culture of A. tumefaciens was grown overnight at

28°C in 5 ml YEP broth. The following day, 2 ml of the overnight culture was added to 50

ml YEP and grown at 28°C to an OD5 0 0 between 0.5 -  1.0 (2 - 4 hours) to ensure the cells

were in mid-log phase. The cells were harvested by centrifugation at 3000x g  for 5 minutes

at 4°C in 50 ml Falcon tubes and were drained until all traces of YEP broth were removed.
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At all times the cells were kept on ice. The pellet was then resuspended in 1 ml cold 20 

mM CaCh (in 10 mM Tris pH 8) and aliquoted into 100 pi volumes into pre-chilled 

eppendorf tubes. Cells were stored at -70°C.

2.12.1.2.1 Transformation

Agrobacterium tumefaciens strain GV3101 was transformed by heat shock following a 

modification of the method described by Draper et a l (1988), using 0.5 pi (1 pg) pCMS4 

and 0.1 ml of frozen CaCL competent A. tumefaciens cells (see §2.12.1.2). Cells were 

thawed at 37°C for 5 minutes, resuspended in 1 ml of YEP broth (10 g I"1 Yeast Extract, 10 

g I"1 Peptone, 5 g I'1 NaCl, pH 7.0) and incubated at 28°C for 2 hours with gentle shaking. 

Cells were harvested by centrifugation at 600x g  for 10 minutes, the pellet resuspended in 

0.1 ml YEP broth and spread onto YEP agar containing 100 pg ml"1 kanamycin and 100 pg 

ml"1 rifampicin. Colonies appeared after incubation at 28°C for 48 hours.

2.12.2 Bacterial Transformation by Electroporation

2.12.2.1 Preparation of Electrocompetent E. coli

The preparation of E. coli cells for electroporation was done as described by Maniatis et al. 

(1982). A streaked culture of E. coli DH5a was grown overnight at 37°C overnight on LA. 

A single colony was used to inoculate a 10 ml LB broth and re-incubated shaking at 37°C 

overnight. All 10 ml was used to inoculate a 400 ml LB broth and grown to an OD6 0 0  

between 0.4 and 0.6. The culture was then transferred to 4 x chilled 50 ml falcon tubes and 

incubated on ice for 15 minutes. At all times the cells were kept on ice. Cells were 

harvested by centrifugation at 600x g  for 15 minutes and gently resuspended in 50 ml cold 

sterile nanopure water and recentrifuged. This washing step is repeated before the addition 

of 5 ml cold 10 % (v/v) glycerol. Again the cells were pelleted by centrifugation and 

finally the cells were resuspended in 500 pi cold 10 % (v/v) glycerol. Cells were aliquoted 

on dry ice into 40 pi or 80 pi volumes into pre-chilled microfuge tubes and stored at -70°C 

for up to 6 months.

2.12.2.2 Transformation

The process of freezing bacteria can weaken cell walls and extensive washing with 

nanopure water to ensure the removal of salts causes the cells to become electrocompetent. 

Exposure to an electrical charge destabilizes the bacterial membranes and induces the 

formation of transient membrane pores through which DNA molecules can enter (Maniatis
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et al. 1982). As with heat shock, the cells are allowed to divide before selection is 

analysed. However, this process is at least 10 times as effective at producing transformed 

cells as chemical (heat shock) transformation (Maniatis et al. 1982)

This method was performed as described by Maniatis et al. (1982). 2 pi of a ligation 

mixture was mixed with 40 pi of cells. This was transferred to an ice-cold 0.2 cm 

electroporation cuvette (Bio-Rad). The cuvette was placed in the cuvette holder of the Bio- 

Rad Gene Pulser apparatus and the electroporation was performed under an electrical 

discharge of 2.5 kV (Kilovolts), a capacitance of 25 pF (micro Faraday) and a resistance 

load of 200Q (Ohms). The cuvette was removed from the apparatus and 1 ml of ice-cold 

SOC broth (2 % (w/v) Tryptone, 0.5 % (w/v) Yeast Extract, 10 mM NaCl, 2.5 mM KC1,10 

mM, MgCh, 10 mM MgS0 4 , 20 mM glucose) was added directly to the cell suspension. 

This was mixed gently and transferred to a 1.5 ml eppendorf tube. The eppendorf tube was 

then strapped firmly into a shaking incubator (200rpm) and incubated for 1 hour at 37°C. 

This gives the cells time to recover from the stress of electroporation and begin to express 

the antibiotic resistance genes. The cells were then plated out on to LA agar containing the 

appropriate selective antibiotics. The plates were dried and placed inverted in a 37°C 

incubator overnight.

2.12.3 Bacterial Transformation by Triparental Mating

This method was performed as described by Draper et al. (1988). The aim of the triparental 

mating was to transfer pCMS4 into Agrobacterium rhizogenes strain LBA9402, which 

contained the virulence loci (present in the Rj plasmid) necessary for T-DNA transfer into 

plants. This was achieved by using the mobilizing (mob) functions of the broad host range 

plasmid pRK2013 present in E. coli HB101. pRK2013 (Ditta et al. 1980) is a transfer 

helper plasmid that is used for mobilization of non-self-transmissible plasmids. During 

triparental mating, pRK2013 mobilized itself into both A. rhizogenes and E. coli containing 

pCMS4. The presence of pRK2013 in the latter, mobilized both plasmids (pCMS4 and 

pRK2013) back into E. coli HB101 and A. rhizogenes.

100 pi of a 5 ml culture of A. rhizogenes (strain LBA9402) that had been grown for 48 

hours in YMB broth (0.5 g I'1 K2HP04, 0.2 g I'1 M gS04.7H20 , 0.1 g I'1 NaCl, 10 g I'1 

Mannitol, 0.4 g 1 Yeast Extract, pH 7.0) containing 100 pg ml rifampicin, was mixed 

with an equal volume (50 % of each) of fresh overnight cultures of E. coli pCMS4 (see
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Table 2.11) and E. coli strain HB101 containing pRK2013 (Clontech). Escherichia coli 

HB101::pRK2013 was maintained by growth in the presence of 100 pg ml'1 kanamycin in 

LB broth. Cells were incubated at 37°C overnight.

The tri-species mixture was placed on YMB agar containing no antibiotics and incubated 

overnight at 28°C. The following day all the colonies were scraped from the agar and 

resuspended in 500 pi YMB broth. A loop full of this suspension was streaked onto YMB 

agar containing 100 pg ml'1 rifampicin and 100 pg ml'1 kanamycin, and incubated for 2-4 

days until colonies formed. As a control, wild-type A. rhizogenes was grown on YMB agar 

containing 100 pg ml'1 rifampicin and 100 pg ml'1 kanamycin for 4 days.

Colonies were sub-cultured onto fresh YMB agar containing rifampicin and kanamycin (as 

above) and the same colony was used to inoculate a Simmons citrate agar slope see 

§2.12.3.1 below. This was to confirm that the transformed colony was Agrobacterium 

rhizogenes and not an E. coli contaminant.

Glycerol stocks were prepared by adding 10 % (v/v) glycerol to a 5 ml 48-hour old culture 

grown at 28°C in YMB broth containing the appropriate antibiotics. Cells were aliquoted 

into 0.1 ml volumes and stored at -70°C

2.12.3.1 Citrate utilisation

To confirm that the transformed colonies from tri-parental mating were Agrobacterium and 

not Escherichia coli contaminants, the colony was tested for citrate utilisation (Simmons 

1926). A loop of each clone was streaked onto Simmons Citrate agar slopes (0.2 g I'1 

MgSCU, 0.2 g I'1 ammonium dihydrogen phosphate, 0.8 g I'1 sodium ammonium phosphate, 

2 g I'1 sodium citrate (tribasic), 5.0 g I'1 NaCl, 0.08 g I'1 Bromothymol blue, 13.0 g I'1 Agar, 

pH 7.0) (Oxoid) and incubated overnight at 37°C. Agrobacterium rhizogenes ferment 

citrate (i.e. utilise citrate) and therefore produce an acid, usually the product of 

fermentation. This lowers the pH and changes the colour of the medium from green to 

bright blue. E. coli do not ferment citrate and therefore the colour of the medium remains 

unchanged (Madigan et a l 1997).
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2.13 Plant transformation

2.13.1 Transformation of Arabidopsis thaliana cv. Columbia

2.13.1.1 Floral dip method

The floral dip method used here has been described by Clough et a l  (1998), and it is a 

variation on vacuum infiltration as described by Bechtold et al. (1998) (Bechtold and 

Pelletier 1998). A 5 ml starter culture of either Agrobacterium rhizogenes::pCMS4 or A. 

rhizogenes:: pCMS3 was grown in YMB broth (0.5 g f 1 K2HPO4 , 0.2 g f 1 MgSC>4 .7 H2 0 , 

0.1 g f 1 NaCl, 10 g f 1 Mannitol, 0.4 g f 1 Yeast Extract, pH 7.0) containing 100 pg ml' 1 

rifampicin and 100 pg ml' 1 kanamycin (or 150 pg ml' 1 gentamicin to select for pCMS3) at 

28°C until an OD6 0 0  of 1.8-2.0 (2 days incubation). Cells were harvested by centrifugation 

for 20 minutes at room temperature at 5500x g  and resuspended in 500 ml dipping medium 

(50g I' 1 sucrose and 2.03 g l' 1 MgCl2 .6 H2 0 ), containing 0.05 % (v/v) (i.e. 500pl I’1) Silwet 

L-77, a detergent (Cat#VIS-02, LEHLE SEEDS, Tuscon, AZ, USA).

The inoculated dipping medium was poured into a large beaker. 6 - 8  week old Arabidopsis 

thaliana cv. Columbia plants were stripped of siliques (seedpods) and floral buds (if 

present) and inverted into the beaker, such that all exposed plant tissue was submerged in 

the Agrobacterium suspension. After 15 minutes the plants were lifted out of the 

suspension, gently shaken to remove excess inoculum, and placed horizontally onto a clean 

tray. These were covered in cling film to prevent moisture loss (and also to improve the 

transformation rate) and left overnight at room temperature (Clough and Bent 1998). Plants 

were then grown as normal in an isolated room away from other plants and watered once a 

week, for 3 - 5 weeks until siliques had developed. At this time no additional water was 

supplied, to allow the seeds to dry out and prevent contamination. The stalks were then cut 

1 cm above the topsoil and the bundle of bolts from each pot was placed upside down in a 

thin paper bag. The seeds were harvested from their seedpods by gentle shaking (gripping 

the stalks at the top of the bag). The majority of stem and pod material was removed by 

sifting. Desiccated seeds were stored in microcentrifuge tubes and kept at 4°C.

Seeds were sterilised as described in §2.13.1.2 and then resuspended in a final volume of 6  

ml sterile water and stored at 4°C for 3 days. This was to ensure all seeds were 

simultaneously exposed to an increase in temperature and will therefore germinate at an 

equal rate.
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Approximately 50 seeds (1.5 ml) were sprinkled onto a 9 cm diameter Petri dish containing 

Murashige and Skoog basal medium (MS) (Sigma M5524) agar supplemented with 3 % 

(w/v) sucrose, 100 pg ml"1 kanamycin (or 150 pg ml"1 gentamicin for pCMS3), 250 pg ml"1 

cefotaxime, 100 pg ml"1 ampicillin. Transgenic shoots harbouring the pCMS4 plasmid 

were kanr, those harbouring the pCMS3 plasmid were genf. The addition of a further 

carbon source was to ensure that the shoots did not rely on photosynthetic fixation for 

growth. However, full greening of the leaves does require a light source and so seeds were 

incubated in a growth room with controlled 16 hour light cycles for 10 days, until shoots 

were >1 cm.

The shoots that displayed no signs of chlorosis (yellowing or whitening of plant tissue) 

were aseptically transferred with a sterile scalpel into individual universals containing 10 

ml of the selective medium (as for germination) and incubated in the same growth room 

for a further 1 - 2  weeks. This limited the possibility of contamination spreading to all 

seedlings and confirmed antibiotic resistance. Those shoots showing signs of chlorosis 

were discarded, as this was an indication of antibiotic sensitivity. After this time the plants 

were transferred to a 6 cm Falcon plate containing MS agar containing 3 % (w/v) sucrose, 

250 pg ml'1 cefotaxime, 100 pg ml'1 napthaleneacetic acid (NAA) and 1 mg ml"1 6- 

benzylaminopurine (6-BAP). The plasmid selection was no longer needed as the plants 

where, by now, substantially developed through selection. NAA is a plant auxin and 6- 

BAP is a cytokinin. NAA is a synthetic indole-like compound that stimulates cell 

expansion, particularly cell elongation. Auxins also promote adventitious root development 

(Mineo 1990). Synthetic auxins are more potent than naturally occurring auxins and only 

small amounts (<1 pM) are required for a tissue response. This is because they are not 

readily recognised by degrading enzymes and they are therefore, more effective hormones 

and last for an extended length of time (Lindsey 1991). Cytokinins (6-BAP) are derived 

from adenine and produce two immediate effects on undifferentiated cells: the stimulation 

of DNA synthesis and increased cell division (Ting and Wang 1982). Cytokinins also 

produce a delayed effect, which is the formation of shoot primordia (Lindsey 1991). 

Together these compounds stimulate the transgenic plants to produce stronger shoots and, 

more importantly, the growth of roots, which is necessary for transfer of the plantlet to soil. 

Plates were incubated in the growth room for a further 1 -2  weeks.
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Once roots were formed and the shoots had reached 2 - 3  cm in height, the agar was 

removed and the plantlets were transferred to a plant pot containing soil that was covered 

with a transparent plastic lid. These plants were grown in an incubator at 23°C with 8-hour 

light cycles. To maintain high humidity and allow the development of a harder waxier 

cuticle (leaf coat), plants remained covered for a further 2 weeks.

After one week a single leaf was removed and DNA was isolated from the plant tissue 

using the DNeasy Plant Mini Kit (Qiagen) see §2.10.3. PCR was performed using the 

extracted DNA from all 14 plants to detect the presence of the cps3S gene and residual 

Agrobacterium contamination.

2.13.1.2 Plant tissue sterilisation

Seeds or leaves were sterilised in a volume of 10 % (v/v) commercial bleach necessary to 

cover the surface. This was usually 10 ml (in a universal) for seeds and 500 ml (in a glass 

bowl containing a magnetic stirrer) for leaves. If some leaf surface was not exposed to 

bleach a piece of blue roll was placed on top of the bowl to submerge all the tissue. This 

was mixed (for 10 minutes and washed four times with an equal volume of sterile tap 

water.

2.13.2 Transformation of Lotus corniculatus

Seeds of Lotus corniculatus were sterilised in 10 % (v/v) commercial bleach for 10 

minutes and thoroughly washed 4 times in sterile water (see §2.13.1.2). The seeds 

produced by L. corniculatus are larger than those of Arabidopsis thaliana, therefore only 3 

seeds were placed onto each 6 cm diameter Petri dish. Seeds germinated on MS agar 

containing 3 % (w/v) sucrose in a growth room with controlled 16 hour light cycles for 10 

days, until shoots were >3 cm in length.

Agrobacterium rhizogenes: :pCMS4 was grown at 28°C on YMB agar containing 100 jug 

ml'1 rifampicin and 100 pg ml"1 kanamycin. A fresh colony was picked with a small 

syringe needle (0.33 mm or 29G) and was used to infect L. corniculatus seedlings about 5 

mm above the media/roots (Webb et a l 1990).

Seedlings were incubated in the growth room for 10 - 14 days, until hairy roots developed 

from the infection site. Hairy roots were excised, decontaminated for 5 hours in MS
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medium with 500 jig ml'1 carbenicillin and transferred to solid or liquid MS medium 

containing 3 % (w/v) sucrose, 500 jug ml'1 ampicillin, 250 pg ml'1 cefotaxime, 500 pg ml'1 

carbenicillin and 100 pg ml'1 kanamycin, to select for transgenic roots. Cefotaxime and 

carbenicillin were used to eliminate any remaining Agrobacterium.

3 - 4cm long apical pieces from 4-week-old secondary root cultures were harvested and 

sub-cultured for growth MS broth pH 6.8 on a rotary shaker (1 lOrpm) at 27°C. DNA was 

isolated from plant tissue using the DNeasy Plant Mini Kit (Qiagen) see §2.10.3.

2.13.3 Transformation of Nicotinia tobacum cv. Samsun

The Agrobacterium-mediated transformation of N. tobacum was performed as described by 

Draper et al. (1988). An A. rhizogenes::pCMS4 starter culture was grown as described in 

§2.13.1. The leaves from N. tobacum cv. Samsun were sterilised in 10 % (v/v) commercial 

bleach for 10 - 15 minutes in a large beaker with a magnetic stirrer, ensuring all leaves 

were submerged, and then thoroughly washed 4 times in an equal volume of sterile tap 

water. Each leaf was cut into 1 cm discs (or squares) avoiding leaf veins and incubated in 

the Agrobacterium culture for 5 minutes at room temperature. Leaf discs were then 

transferred to a MS agar plate containing 3 % (w/v) sucrose, which was sealed with 

parafilm and incubated in the dark at room temperature for 2 days. Discs were then 

transferred to selective medium (MS agar containing 3 % (w/v) sucrose, 100 pg ml'1 

kanamycin, 250 pg ml'1 cefotaxime, 100 pg ml'1 ampicillin, 100 pg ml'1 napthaleneacetic 

acid (NAA) and 1 mg ml'1 6-benzylaminopurine (6-BAP), (to promote shoot and root 

growth, see §2.13.1)) and incubated in a growth room with controlled 16-hour light cycles 

for 1 - 2 weeks. Those discs showing shoot or callus formation were transferred to fresh 

selective medium (as before) and re-incubated for approximately 1 - 2  weeks. Larger 

shoots were transferred to powder rounds (jam jars) containing the same medium and 

incubated for a further 3 weeks, or until roots started to form.

Once roots were formed, the agar was removed and the plantlets were transferred to a plant 

pot containing soil and covered with a transparent plastic lid and placed in greenhouse 

conditions. To maintain high humidity and allow the development of a harder waxier 

cuticle (leaf coat), plants remained covered for a further 2 weeks. Once the plants had 

grown to exceed the size of the pot they were in they were transferred into a larger pot. 

DNA was isolated from plant tissue using the DNeasy Plant Mini Kit (Qiagen) see §2.10.3.
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For continued cultivation, the plants were allowed to flower, the buds were covered in a 

paper bag to ensure self-pollination and the seeds collected. These were sterilised in 10 % 

(v/v) bleach as §2.13.1.2 and were stored desiccated at 4°C.

2.14 Detecting the Expression of the Type 3 Capsule Synthase in planta

This section of the thesis describes the methods used to detect the expression of Cps3S and 

type 3 polysaccharide in plants.

2.14.1 Plant culture and growth conditions

2.14.1.1 Whole plant culture

Plants were generally cultured on Murashige - Skoog (MS) medium (Sigma M5524) 

containing 3 % (w/v) sucrose and 0.8 % (w/v) agar in the presence of a suitable selection 

marker and incubated in a growth room with controlled 16 - hour light cycles. Larger 

plants (> 5 cm in height) were rooted in soil and kept in greenhouse conditions (see 

§2.13.1)

2.14.1.2 Plant Tissue culture

Plant cell suspension cultures were used in preference to callus cultures, due to their more 

rapid growth, greater homogeneity and ease of manipulation (Lindsey 1991). This is 

because continued agitation used in culture aerates the medium and helps break up the cell 

aggregates. Consequently, a high proportion of the cells were in direct contact with the 

culture medium and antibiotic selection added to it. This is unlike callus culture where only 

the cells at the base of the callus were in contact with the solid medium. Callus’ were 

grown as described by Draper et al. (1988)

2.14.2 Analysis of gene expression

2.14.2.1 Isolation of total RNA from plant cells

100 mg of leaf tissue was harvested and ground under liquid nitrogen with a pellet pestle. 

Frozen tissue was not allowed to thaw and the RNA was immediately extracted using the 

RNeasy Plant Mini Kit (Qiagen Cat #74903) and following the protocol outlined in the 

manufacturer’s handbook: 450 pi buffer RLT (provided in the kit) was added and the 

sample was vigorously vortexed. The lysate was transferred to a QIAshredder spin column 

(provided in the kit) rested in a 2 ml collection tube and centrifuged at 12, OOOx g  for 2
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minutes to remove cell debris and homogenise the lysate. The supernatant was retained in a 

fresh microcentrifuge tube and Vz volume of 100 % ethanol was added to precipitate the 

RNA and DNA. This was immediately transferred to an RNeasy mini column rested in a 2 

ml collection tube and spun at 12, OOOx g  for 15 seconds. DNA was removed by on- 

column digestion using the RNAse-Free DNase set (Qiagen Cat #79254).

500 pi of buffer RPE (provided in the kit) was added to wash the RNeasy column by 

centrifugation at 12, OOOx g  for 15 seconds into a fresh collection tube. This step was 

repeated except centrifugation occurred at 12, OOOx g  for 2 minutes. To elute the RNA, 50 

pi of RNase free water was added directly to the RNeasy silica-gel membrane and the 

column was spun at 12, OOOx g for 1 minute. Eluted RNA was collected in a fresh 

microcentrifuge tube. This step was repeated to increase total RNA yield and samples were 

stored at -20°C.

2.14.2.2 Reverse Transcrintase-PCR

5 pi of each RNA extraction was run on a 1 % (w/v) TAE-agarose gel (as §2.10.5) to 

confirm that the sample contained RNA and was free of noticeable contaminants.

RNA samples were then treated with reverse transcriptase to produce cDNA. The method 

used here was taken from the manufacturer’s manual for Superscript II RNase H’ reverse 

transcriptase (Invitrogen). 5 pi of the RNA extract was mixed with 250 ng random 

hexamer primers (Invitrogen, Cat #48190-011) and lOmM of each deoxynucleotide; dATP, 

dTTP, dGTP, dCTP (Advanced Biotechnologies Ltd) in a total volume of 12 pi RNase-free 

water. This was heated to 65°C for 5 minutes, quickly chilled on ice and the contents of the 

tube were collected by centrifugation at 12, OOOx g  for 30 seconds. Then 4 pi of 5x First 

Strand Buffer (from the RNase H* reverse transcriptase kit (Invitrogen)), 1 mM DTT and 

RNase-free water was added to a final volume of 20 pi. This suspension was mixed and 

incubated at 42°C for 2 minutes. 1 pi (200 units) of Superscript™ II reverse transcriptase 

was added and mixed by gentle pipetting up and down. This was incubated at 25°C for 10 

minutes followed by 42°C for 50 minutes. The enzyme was inactivated, and the reaction 

stopped by heating at 70°C for 15 minutes.
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PCR was then performed using the CPSFOR and CPSREV primers as described in 

§2.10.4.2, RNA extracts without prior reverse transcriptase treatment were used as a 

control as this would indicate the presence of cps3S specific DNA.

2.15 Analysis of polysaccharide production in planta

2.15.1 Polysaccharide isolation

2.15.1.1 Crude extraction

Leaf tissue was harvested and the mid-rib removed. The tissue was cut into pieces small 

enough to fit in a 1.5 ml eppendorf tube (maximum weight of 1 g) and then ground into a 

fine powder under liquid nitrogen using a pellet pestle. 1 ml nanopure water (or to a 

concentration no less than 0.5 g ml*1) was added and the sample put on ice. The cells were 

then lysed by sonication with the small sonicator (Sonitech) probe, to break open the cells 

and release the polysaccharide. This was performed on ice at an amplitude of 50 microns in 

1 minute intervals with 30 second sonication and 1 minute cooling, repeated for 6 - 8 

bursts, or until the colour of the plant sonicate turned more green compared to the original 

cell suspension before sonication. The cell lysate was then centrifuged for 5 minutes at 10 

OOOx g  and supernatant transferred to a fresh 1.5 ml eppendorf tube. This was stored at 

4°C.

Alternatively the above method was repeated, except 3 - 6M NaOH was used as the 

diluent. Hemicelluloses were precipitated by neutralisation using glacial acetic acid. This 

was based on the method to extract plant hemicelluloses taken from Fry (1988).

2.15.1.2 Extraction of anoplastic fluid

This method was modified of that described by Fry (1988). Leaf tissue was harvested and 

the mid-rib removed. Sections 1 cm square were cut (total weight of 1 g) and placed into a 

small beaker containing 50 ml 50 mM CaCh (BDH). A conical flask that fitted flush to the 

inside of the beaker was then placed on top of the liquid to ensure full immersion of the 

tissue pieces. The leaf pieces were then vacuum-infiltrated for a period of 30 minutes by 

which time the tissue had taken on a transparent appearance. They were then removed and 

dried gently on a paper towel before being transferred to the barrel of a 25 ml syringe with 

the plunger removed. This was placed in a 50 ml Falcon tube and the assembly spun at 

800x g  at 10°C for 10 minutes. The extra-cellular wash accumulated at the bottom of the
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tube and was retrieved after the spin. A subsequent identical spin ensured full recovery of 

the wash and the tissue was then processed again to produce a second wash extraction. The 

sample was stored at 4°C.

2.15.2 Precipitation of polysaccharides

2.15.2.1 Acetone

The precipitation of polysaccharides was done by the method described by Gilbert et al 

(2000). 25 % (v/v) TCA (made to a stock concentration of 220 % w/v) was added to an 

overnight pneumococcal culture or plant tissue preparation (see §2.15.1) and proteins were 

precipitated after 15 minutes incubation on ice. The supernatant was recovered from 

centrifugation at 12, 000 x g  at 4°C and the protein pellet was discarded. An equal volume 

of ice-cold 100 % acetone was added to precipitate polysaccharides, which were pelleted 

by centrifugation (as before), washed with acetone, and re-dissolved in 5 % (w/v) sodium 

acetate. The pellet was extracted twice with 1/5 volume chloroform:butanol (5:1), 

precipitated again in an equal volume of acetone and finally dissolved in nanopure water. 

If not completely dissolved, the solution was placed in a 70°C water bath for 5 - 10 

minutes.

2.15.3 Quantification of polysaccharide: Phenol-Sulphuric acid method

Polysaccharides and other sugars contain methyl ethers with free or potentially free 

reducing groups that cause a colour change when combined with phenol and sulphuric acid 

(Dubois et a l 1956). This colour change (to orange-yellow) has been shown to be 

proportional to the sugar concentration (Dubois et al. 1956). Therefore the quantification 

of polysaccharides was done by a modified version of that described by Dubois et a l 

(1956).

25 pi of an 80 % (v/v) phenol solution in water was mixed thoroughly with 1 ml nanopure 

water containing approximately 10 - 100 mg ml'1 polysaccharide. To this, 2.5 ml 

concentrated sulphuric acid was added quickly (to avoid evaporation from the strong 

exothermic reaction). The mixture was incubated at room temperature for 10 minutes and 

at 30°C for 20 minutes. The total uronic acid content of the sample (type 3 pneumococcal 

polysaccharide is composed of cellobiuronic acid units) was measured at 480 nm using a 

spectrophotometer (the extinction coefficient for type 3 polysaccharide was 1.39 pg ml'1 at 

Atgo) (Ultrospec 3000, Pharmacia Biotech). Nanopure water was used as a reference and
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different concentrations of type 3 polysaccharide (ATCC) were used to form a standard 

curve from which relative sample concentrations were determined.

2.15.4 Analysis of the type 3 pneumococcal polysaccharide contents of plant extracts

2.15.4.1 Ouchterlonv

The immuno double-diffusion technique used to detect the presence of type 3 

pneumococcal polysaccharide in plant extracts was a modified version of that described by 

Ouchterlony et a l (1973) and Cherniak et al. (1972) (Cherniak and Henderson 1972; 

Ouchterlony and Nilsson 1973). The antigen and antibody molecules diffuse through the 

agar and precipitate as an arc upon binding at equivalence to form an antibody-antigen 

complex. 0.2 % (w/v) Ouchterlony agarose (Difco) in Barbitone buffer (1.84 g I"1 

Diethylbarbituric acid, 10.3 g f 1 Sodium diethylbarbiturate, pH8.6 with NaOH) was used 

to coat microscope slides (76 mm x 26 mm x 1mm). These were left to dry overnight at 

room temperature and then overlaid with 4.5 ml 1 % (w/v) agarose in Barbitone buffer (as 

above). Once set, holes of 4 mm in diameter were cut using a cork borer in the pattern 

shown below (actual size).

o o 
o o o 

o o
Figure 2.9. The pattern of holes made with a cork borer on a 76 x 26 x 11 mm microscope slide 

overlaid with 4.5 ml Ouchterlony agar. Diagram is actual size.

20 pi of each sample was placed in the outer holes. 10 pg type 3 polysaccharide (ATCC) 

was used as a positive control. The central hole contained 20 pi neat rabbit anti-type 3 

polysaccharide antiserum (Statens Serum Institute, Copenhagen, Denmark). The slide was 

incubated at 4°C for at least one week (and no more than 2 weeks). To prevent the slide 

drying out it was placed in a humidity box and remained covered.
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2.15.4.2 ELISA

The capture ELISA technmique described in §2.3 was unsuccessful within the time scale 

of this thesis. However, a secondary antibody was prepared and so for future reference the 

method is given below.

2.15.4.2.1 Preparation of the secondary horseradish peroxidase antibody conjugate.

Rabbit anti-type 3 polysaccharide antiserum (Statens Serum Institute) was conjugated to 

horseradish peroxidase for use as a secondary antibody in ELISA using EZ-link Activated 

Peroxidase (Pierce, Rockford, IL, USA #31496). The protocol for conjugation was 

described in the product information sheet for EZ-link Activated Peroxidase.

The antiserum to be conjugated had to be free of salts and most importantly free of sodium 

azide, as this is an inhibitor of horseradish peroxidase. These were removed by dialysis 

using a Slide-A-lyser (Perbio). 100 pi of antibody solution was added to the bottom of 

three Slide-A-lysers and placed in a floating rack in a large beaker containing 400 ml cold, 

sterile PBS. This was incubated on a magnetic stirrer for 1 hour at room temperature. The 

PBS was exchanged with 400 ml of fresh PBS every 20 minutes. The antibody solutions 

inside the Slide-A-lysers were combined and transferred to an eppendorf tube. Samples 

were then frozen at -70°C and lyophilised overnight.

0.3 mg lyophilised antibody was then dissolved in 50 pi Conjugation buffer (0.1 M 

NaHCCb, pH9.5, 0.9 % (w/v) NaCl). 1 mg of EZ-link Activated Peroxidase was 

reconstituted in 50 pi distilled water and chilled on ice. Immediately the EZ-link Activated 

Peroxidase was mixed with the IgG and incubated overnight at 4°C. The following day 30 

pi of Quench buffer (0.2M Lysine, pH8.0) was added and allowed to react for 2 hours at 

room temperature.

For storage, 350 pi Stabilising solution (1 % (w/v) BSA in distilled water) was added to 

the sample and dialysed extensively (as before) against dialysis buffer (50 mM sodium 

phosphate, pH 6.8, 0.9 % (w/v) NaCl, 0.02 % (w/v) thimerosal). Horseradish peroxidase 

conjugated antibodies were stored at -20°C.
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3.1 Chapter overview

The aim of this investigation was to select peptides that mimicked a protective epitope on 

the capsular polysaccharide S. pneumoniae using monoclonal antibodies. It was thought 

that vaccines composed of these peptides could circumvent the problems of the TI 

characteristics of pneumococcal capsular polysaccharide vaccines, since proteins are TD 

antigens and therefore, superior immunogens (see §1.4.3).

This chapter of the thesis describes the results of the selection of peptide mimics and their 

use as vaccines against pneumococcal disease. First the results of virulence testing four 

different serotypes of S. pneumoniae (4, 6B, 9V and 18C) in mice are described. The 

results of these assays determined the appropriate challenge dose for immunisation 

investigations. If the dose was too high, the numbers of bacteria could overwhelm the 

animal and it may die before any differences between the experimental and control groups 

could be observed. If the dose was too low the bacteria maybe cleared by innate immune 

responses and the effects of immunisation and the presence of anti-capsular antibodies 

would be irrelevant.

Subsequently the survival of mice passively immunised with several monoclonal 

antibodies (mAbs) raised against one of the pneumococcal serotypes (4, 6B, 9 V, 18C) prior 

to challenge is described. This was to determine the best antibody to use for identifying 

pneumococcal mimics. If the antibodies were shown to protect mice from developing 

pneumococcal disease, they were thought to bind to a protective epitope, of which a mimic 

could elicit a protective immune response as a vaccine. Three mAbs, 206,F-5, Db3G9 and 

6b53 were used to screen phage-displayed peptide libraries. The peptide mimics of 

different pneumococcal serotypes, 9V, 6B and 18C, which were selected by these mAbs 

and their use as vaccines against pneumococcal disease are described in part A, B and C of 

this chapter, respectively.

3.2 Bacterial virulence tests

Mice were infected intraperitoneally (i.p.) with 100 pi or intranasally with 50 pi containing 

an estimated dose of 1 x 105 - 1 x 107 cfu passaged bacteria (see §2.2.1). The animals were 

frequently monitored following infection. The characteristic signs of disease were scored
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according to the scheme outlined in §2.2.1. Infected animals moved progressively from 

exhibiting signs of piloerection, to a hunched appearance, lethargy and culminated in a 

moribund state prior to death. Any animal judged to have become severely lethargic (++) 

was culled.

3.2.1 Serotype 4

A dose of 1 x 106 cfu serotype 4 pneumococci was shown to cause significant mortality 

when administered through the intraperitoneal route. As shown in Figure 3.1a, no mice 

(0/5) survived an intraperitoneal challenge of 1 x 106 cfu serotype 4 pneumococci. All the 

mice (5/5) died when the dose was increased to 3 x 106 cfu. All the deaths occurred 24 - 72 

hours after infection and as the doses of around 1 - 3 x 106 cfu appeared more reproducible 

it was concluded that the lower dose of 1 x 106 cfu should be used in future experiments.

The virulence of the type 4 pneumococci was significantly decreased by inoculation 

through the intranasal route. A dose of 1 x 107 cfu serotype 4 pneumococci was shown to 

cause significant mortality when administered intranasally. Forty percent of mice (2/5)
n

survived an intranasal challenge of 1 x 10 cfu serotype 4 pneumococci. However, when the
O

dose was increased to 1 x 10 cfu all the mice challenged were dead within 4 hours.

As shown on Figure 3.1b, increasing intranasal infective dose correlated with increased 

killing. Fifty percent of challenged mice (3/6) survived a dose of 6 x 106 cfu, 60 % (3/5) 

survived a challenge of 3 x 106 cfu, 80 % (4/5) survived a challenge of 6 x 105 cfu and 100 

% (3/3) survived when a dose of 5 x 105 cfu was used. These data implied that as the 

intranasal dose was halved, the overall survival rate increased by 10 %.

3.2.2 Serotype 6B

A general observation that was made during infections with serotype 6B pneumococci was 

that infected mice took longer to establish diseases of disease compared to the other 

serotypes investigated (see Table 3.1). Aaberge et al also reported a protracted course of 

disease with some strains in their investigations of the virulence of different serotypes of 

pneumococci in mice (Aaberge et al. 1995). Therefore, the health status of mice challenged 

with serotype 6B pneumococci was monitored for an extended time of 15 - 20 days, 

compared to 10 days for the other serotypes.
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A dose of 5 x 105 cfu serotype 6B pneumococci was shown to cause significant mortality 

when administered through the intraperitoneal route. As shown in Figure 3.1a, only 20 % 

of challenged mice (1/5) survived an intraperitoneal dose of 5 x 105 cfu serotype 6B 

pneumococci.

As with serotype 4, the virulence of serotype 6B pneumococci was decreased by intranasal 

inoculation. The same dose of 5 x 105 cfu led to a survival rate of 60 % (3/5). When the 

dose was increased 8 - fold, to 4 x 106 cfu, the percentage survival decreased to 40 % (2/5). 

However, to establish this level of disease took 48 hours longer than when infection 

occurred through the intraperitoneal route (see Figure 3.1). A dose of 5 x 105 cfu i.p. was 

considered appropriate for future investigations.

3.2.3 Serotype 9V

Forty percent of infected mice (2/5) survived an intraperitoneal (i.p.) challenge of 2 x 10 

cfu serotype 9V pneumococci. This is shown in Figure 3.1. When the dose was increased 

to 1 x 108 cfu the survival decreased to 20 % (1/5).

In conclusion, a higher dose (1 x 108 cfu) of serotype 9V pneumococci was needed to 

produce the same level of disease in mice challenged intraperitoneally with serotypes 4 (1 

x 106 cfu) and 6B pneumococci (5 x 105 cfu).

3.2.4 Serotype 18C

A dose of 6 x 107 cfu serotype 18C pneumococci was shown to cause significant mortality 

when administered i.p. Fifty percent of infected mice (5/10) survived an intraperitoneal 

challenge of 6 x 107 cfu. This is shown in Figure 3.1. When the dose was increased to 3 x 

108 cfu no mice survived beyond 48 hours (0/5). This was a large number of bacteria and it 

was possible these effects were due to toxicity rather than the infective process. Therefore, 

doses this high were considered inappropriate for future investigations.

3.2.5 Conclusion

An intraperitoneal dose of 5 x 105 - 1 x 108 cfu pneumococci 100 p i'1 was found to be 

necessary to induce diseases of pneumococcal disease. Although the doses varied, it was 

aimed to determine an appropriate dose that took approximately 48 hours to establish
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infection. Table 3.1 showed that the doses used for each serotype took approximately two 

days to kill at least 50 % of mice.

Table 3.1 The infective intraperitoneal dose of different pneumococcal serotypes needed to cause 

significant mortality in groups o f 5 mice. The table also shows the median end point recorded for the mice 

that died (referred to here as TD50). The Lab reference number refers to the location o f the bacterial stocks in 

Lab 227, Department of HI, University of Leicester, UK, which are stored in 10 % (v/v) glycerol at -70°C.

Serotype (strainf Lab reference 
Number

Infective dose (cfu 
100 pTl)

Percentage mice 
killed t d 50c

4 (TIGR4) P202 1 x 1 0 6cfu 100% (5/5) 2.50

6 B (23477) PI 64 5 x 105cfu 80 % (4/5) 4.08

9V (907/88) P187 1 x 1 0 8cfu 80 % (4/5) 2 . 0 0

18C (NCTC11905) P233 6 x 1 0 7cfu 50 % (5/10) 1 . 0 0

a see Table 2.1 for more details

c The time (days) where 50 % o f the total mice killed were dead (time to death 50, TD50) as calculated from 

the survival curve.

3.3 Identifying protective antibodies

3.3.1 To recapitulate

The monoclonal antibodies (mAbs) used 

((Kolberg and Jones 1998; Baxendale et al. 

serotype 9V S. pneumoniae (one IgA and one IgGl (6bC3 and 206,F-5a)), two antibodies 

raised to serotype 4 (both IgG2 (CbB2 and Db4D7)), two raised to serotype 6B (both IgG2 

(DM5 and Db3G9)) and one raised to serotype 18C (IgG3 (6b53)). The concentrations and 

isotypes were determined as described in §2.4.2. A summary of the mAh characteristics is 

shown in Table 3.2.

Mice were passively immunised with the monoclonal antibody 24 hours and 2 hours prior 

to challenge (as described in §2.7). This was to examine the ability of the mAbs directed 

against the capsular polysaccharide of serotypes 4, 6B, 9V and 18C (described above) to 

protect against pneumococcal infection of that serotype. Statistical differences between the

in this study had been previously described 

2000)). They included two antibodies raised to

a Kolberg. All other mAbs were acquired from H. Baxendale.
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survival curves obtained from vaccinated mice and control mice was determined by 

Kaplan-Meier survival analysis and is shown as a P value on Table 3.2. The mAbs shown 

to protect against the development of pneumococcal disease are shown in boldface.

The disease scores were determined as described previously (§2.2.1). Briefly, at the end of 

each 24 hours the disease of the mouse was assessed and a score was calculated based on a 

schedule described previously (Morton and Griffiths 1985). The sum of the scores from 

each day formed the cumulative disease score. These data are presented in the following 

pages.

3.3.2 mAbs CbB2 and Db4D7 (Serotype 4)

Mice were passively immunised with two human IgG2 antibodies (CbB2 or Db4D7) raised 

against serotype 4 pneumococcal polysaccharide. Mice immunised with CbB2 produced a 

significantly different (P< 0.05) survival curve to the sham vaccinated (control) mice. 

There was a 50 % (5/10) survival rate and a median survival time of 174 hours, compared 

to 0 % (10/10) and 24 hours respectively in the control mice. This is shown in Figure 3.2a. 

The results of the disease scores (shown in Figure 3.2b) also showed that CbB2 protected 

mice from developing type 4 pneumococcal disease by passive immunisation. The median 

cumulative disease score from mice that received CbB2 was 3.0, which was lower than the 

control mice (4.0). The range of diseases suffered also decreased, although these changes 

were not shown to be statistically different from the control when analysed by ANOVA 

and T-test.

The survival curve of mice vaccinated with Db4D7 was not significantly different (P> 

0.05) from the control and produced a similar median survival time of 24 hours and 

average (mean) cumulative disease score of 4.0. These differences between the activities of 

these mAbs maybe accounted to the difference in antibody concentrations administered. 

Mice vaccinated with CbB2 received a total of 1000 ng of antibody whereas mice 

vaccinated with Db7D4 received 400 ng.
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Table 3.2 A summary of the results from passive vaccination with monoclonal antibodies raised to 

different pneumococcal polysaccharide serotypes. The concentrations o f the mAbs were determined from 

a standard curve produced by ELISA (see §2.4.2). The concentrations used to inoculate the mice varied, as 

the concentrations were unknown at the time o f vaccination. The antibodies that significantly protected mice 

against pneumococcal disease (when the survival curve o f challenged mice is compared to that o f the sham- 

vaccinated mice (P< 0.05)) are shown in boldface.

Antibody
reference Serotype Isotype Concentration

Total mAb 
administered P value

CbB2 4 IgG2 1 0  pg ml' 1 1 0 0 0  ng (P<0.05)

Db7D4 4 IgG2 4 pg ml' 1 400 ng (P>0.05)

Db3G9 6 B IgG2 3 pg m l 1 300 ng (P<0.05)

DM5 6 B IgG2 1  pg m l 1 1 0 0  ng (P<0.05)

206,F-5 9V IgGl 4 pg ml' 1 400 ng (P<0.05)

6bC3 9V IgA 1 0  ng ml' 1 1 ng (P>0.05)

6b53 18C IgG3 1 0  pg ml' 1 1 0 0 0  ng (P>0.05)
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Figure 3.2 (A) shows the survival curve o f 10 mice passively vaccinated against serotype 4 

pneumococci with either mAb CbB2 or Db7D4 compared to 10 sham-vaccinated control mice when 

challenged with lx l0 6 cfu. (B) shows the box-plot of disease scores accrued after challenge with 

serotype 4 S. pneumoniae in a group o f 10 mice primed with an anti-type 4 human monoclonal 

antibody (6b53) compared to 10 sham-vaccinated mice. The whisker bars represent the range o f  

diseases scores, the borders of the box are the 25% and 75% percentiles and the bar dividing the box 

is the median.
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3.3.3 mAbs DM5 and Db3G9 (Serotype 6B)

Immunisation with both of the two human serotype 6B mAbs, DM5 and Db3G9 (IgG2), 

significantly (P< 0.05) extended the survival of mice compared to the sham-vaccinated 

mice. Figure 3.3 showed that 100 % (10/10) of the mice passively immunised with DM5 or 

Db3G9 survived till the end of the experiment, but only 10 % (1/10) of the sham- 

vaccinated mice survived the same period following infection.

Passive vaccination with DM5 or Db3G9 also protected mice from developing diseases of 

pneumococcal disease. These results (shown in Figure 3.3b) showed that mice vaccinated 

with DM5 or Db3G9 produced a median cumulative disease score of 0.0 (no diseases 

observed), which was significantly lower (P< 0.05) than the control mice (7.0) when 

analysed by ANOVA (a T-test could not be performed as the data for DM5 and Db3G9 is 

one repeated value).
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Figure 3 3  (A) shows the survival curve o f 10 mice passively vaccinated against serotype 6B 

pneumococci with either mAb DM5 or Db3G9 compared to 10 sham-vaccinated control mice when 

challenged with 5xlOscfu. Since both DM5 and Db3G9 demonstrated the same survival rate the graph 

lines are superimposed (B) shows the box-plot o f disease scores accrued after challenge with serotype 

6B S. pneumoniae in a group of 10 mice primed with an anti-type 6B human monoclonal antibody 

(6b53) compared to 10 sham-vaccinated mice. The whisker bars represent the range o f diseases 

scores, the borders of the box are the 25% and 75% percentiles and the bar dividing the box is the 

median.

The results obtained were the same for both anti-6B mAbs despite the mice receiving 

different concentrations of mAb. Mice immunised with DM5 received a total of 100 ng of 

antibody whereas mice vaccinated with Db3G9 received 300 ng.
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3.3.4 mAbs 206,F-5 and 6bC3 (Serotype 9V)

Mice were passively immunised with two anti-type 9V antibodies (206,F-5 or 6bC3). 

Those mice immunised with the murine mAb 206,F-5 (IgGl) received a total of 400 ng of 

antibody. This was shown to significantly protect against the development of serotype 9V 

pneumococcal disease (P< 0.05, Kaplan Meier survival analysis). There was a 60 % (6/10) 

survival rate and mean survival time of 120 hours, compared to 20 % (2/10) and 74 hours 

in the control mice (the mean survival time is used here instead of the median as this could 

not be calculated a single value (all mice died at the same time)). The disease scores for 

mice passively vaccinated with 206, F5 were unavailable for recording in this thesis.

An IgA mAb (6bC3) raised against serotype 9V pneumococci was also tested for its ability 

to passively protect against the development of pneumococcal disease. Since mucosal 

immunity is important in the host defence against pneumococci, it was thought that this 

mAb could be a valuable tool for this project. However, the survival curves for the control 

mice and vaccinated mice were not shown to be significantly different (P> 0.05) and the 

median survival time and percentage survival for both groups were equal at 48 hours and 

20 % (2/10) respectively. Mice received 1 ng of antibody.

However, the results of the disease scores (shown in Figure 3.4b) show that passive 

immunisation with 6bC3 produced a lower median cumulative disease score than the 

control mice (7.0 and 9.5 respectively). The number of mice that suffered diseases also 

decreased, although this was not a significant difference (P> 0.05, as established by a T- 

test). These results may have been expected, since primarily, the IgG class activates the 

classical complement pathway whereas IgA does not. This could mean that immunisation 

with 206,F-5 stimulated the involvement of complement proteins but those mice 

immunised with 6b53 did not. In effect there is increased killing with 206,F-5.
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Figure 3.4 (A) shows the survival curve of 10 mice passively vaccinated against serotype 9V 

pneumococci with mAb 206,F-5 (IgGl) compared to 10 sham-vaccinated control mice when 

challenged with a dose of lx l0 7cfu i.p. (B) shows the survival curve o f 10 mice passively vaccinated 

against serotype 9V pneumococci with mAb 6bC3 (IgA) compared to 10 sham-vaccinated control 

mice when challenged with a dose o f 3x l05cfu i.p. (C) the box-plot o f disease scores accrued after 

challenge with serotype 9VC S. pneumoniae in mice passively vaccinated with 6bC3 compared to 

sham-vaccinated mice. The whisker bars represent the range o f diseases scores, the borders of the box 

are the 25% and 75% percentiles and the bar dividing the box is the median.
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3.3.5 mAb 6b53 (Serotype 18C)

The human mAb 6b53 (IgG3) was not shown to produce a significantly different survival 

curve from the control group (P> 0.05). Mice immunised with 6b53 received a total of 

1000 ng of antibody. Immunisation with 6b53 produced an 80 % (8/10) survival rate and 

mean survival time of 204 hours, compared to 50 % (5/10) and 123 hours in the control 

mice, but this was not significantly different (the mean survival time is used here instead of 

the median since it could not be calculated from few time points) (see Figure 3.5a).

However, protection was implied when the cumulative disease scores were considered. 

Figure 3.5b showed that only one mouse vaccinated with 6b53 developed notable signs of 

pneumococcal disease. This resulted in a median cumulative score of 0. However, 9/10 of 

the sham immunised mice developed diseases, producing a median score of 19.5 (Figure 

3.5b). These scores are statistically different (P< 0.05, T-test).
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Figure 3.5 (A) shows the survival curve o f 10 mice passively vaccinated against serotype 18C 

pneumococci with mAb 6b53 compared to 10 non-vaccinated mice when challenged with 6x l0 7cfu. 

(B) shows the box-plot of disease scores accrued after challenge with serotype 18C S. pneumoniae in 

a group o f 10 mice primed with an anti-type 18C human monoclonal antibody (6b53) compared to 10 

sham-vaccinated mice. The whisker bars represent the range of diseases scores, the borders o f the box 

are the 25% and 75% percentiles and the bar dividing the box is the median.
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3.4 Summary of results so far

The mAbs 206,F-5, Db3G9, DM5 were shown to protect mice against developing 

pneumococcal disease and were subsequently used to select peptides mimics of 

pneumococcal polysaccharide by screening phage libraries. Although CbB2 was shown to 

be protective against the development of serotype 4 pneumococcal disease, the quantity of 

mAb available was insufficient to begin selections. Therefore, because of time-restraints 

the mAb 6b53 (raised to serotype 18C) was used as an alternative.

3.4.1 Overview of the remaining chapter

Peptide mimics were identified for all three mAbs: the murine mAb 206,F-5 (these results 

are described in Part A), the human mAb Db3G9 (described in Part B) and the human 

mAb 6b53 (described in Part C). Colony immunoscreening, the primary method of 

identifying reactive phage clones, was performed on phage selected from three or four 

rounds of panning. A Phage ELISA confirmed these results and the sequences of the 

recombinant peptide was deduced and analysed following the methods described in 

Chapter 2. Mice were then immunised with three doses of the peptide. Serum samples 

were collected for analysis of the immune response at various time points throughout the 

schedule (see Table 2.7 for more details) and finally immunised mice were challenged 

with virulent pneumococci to determine whether immunisation with peptide mimics of 

pneumococcal polysaccharide protected mice from developing pneumococcal disease. 

Control mice were challenged at the same time as the experimental groups. The results of 

this challenge and the immune response to the peptide mimics are also described in the 

following sections.

When comparing the immunological properties of the peptide mimics it was important to 

note that the number of peptides conjugated to each carrier protein was unknown, and it 

was unlikely each peptide will be represented equally in their respective conjugate. A low 

number of peptides (displayed conjugated to the carrier protein) may have elicited a low- 

level antibody response, which was insufficient to confer protection upon challenge. A 

peptide displayed more abundantly may have generated a more antibodies, but it could be 

that few isotypes bound pneumococcal polysaccharide and conferred protection against 

pneumococcal disease. Consequently, peptides were assessed for their ability to protect 

against the development of pneumococcal disease (see §3.5 and §3.7), and also for their
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ability to elicit an immune response that cross-reacted with S. pneumoniae capsular 

polysaccharide (§3.6 and §3.8).

Part A: The selection and use of peptide of type 9V pneumococcal polysaccharide 

selected using a murine mAb

3.5. Selection of peptide mimics to serotype 9V pneumococcal polysaccharide

3.5.1 Overview

The screening of the phage displayed peptide libraries with the murine mAb, 206,F-5, was 

performed by Carla LoPasso (University of Messina, Italy). However, some of her results 

were not made available and are therefore, not recorded in this thesis.

The monoclonal antibody 206,F-5 (of the isotype IgGl) had been used to screen three 

different peptide phage-displayed libraries displayed on the pVIII phage coat protein. The 

libraries displayed random sequences of either 12 amino acids (pVIII-12aa), 15 amino 

acids (pVIII-15aa) or 12 amino acids restrained by 2 cysteine residues at positions 5 and 9 

(pVIII-12aa.Cys). Four positive phage clones were isolated from three rounds of panning, 

two from pVIII-12aa (designated MP7 and MP12) one from pVIII-12aa.Cys (MP55), and 

one from pVIII-15aa (MP58). Peptides were selected on the basis that they bound to 206,F- 

5 in colony immunoscreening (data not available) and ELISA, and binding was specifically 

competed by 9V polysaccharide.

3.5.2 Phage ELISA

Figure 3.6 shows the reactivity of the phage-displayed peptides to the mAb in phage 

ELISA (as described in §2.3). This technique gives a quantitative account of the number of 

recombinant phage present in the suspension. Since the phage coated the plate and the 

monoclonal was in abundance, the amount of bound monoclonal represented the 

concentration of reactive phage. As shown in Figure 3.6, the amount of antibody that 

bound to the recombinant phage was greater than to the wild-type phage (pC89). This 

showed that the monoclonal was binding to the recombinant peptide, as this was absent in 

the wild-type pC89 phage. However, in the case of the clones displaying the mimotopes 

MP55 and MP58, the concentration of phage had to be increased twenty-fold in order to 

achieve an absorbance comparable to that achieved by MP7 and MP12. In each case a

139



Peptide Mimicry

statistically greater (P< 0.05, T-Test) absorbance was recorded when the mAb was 

incubated on the plate compared to the control (when no mAb was used). This indicated 

that the secondary labelled antibody did not bind the phage.
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Figure 3.6. Reactivity of the selected phage clones with the monoclonal antibody 206,F-5 in 

PHAGE ELISA. MP55 and MP58 clones were twenty times concentrated. The absorbance in ELISA 

of the non-recombinant phage (pC89) to mAb 206,F-5 (□ )  and the absorbance recorded when no 

mAb was used in the ELISA to the recombinant phage (■ ) are also shown as negative controls. 

Absorbance was read at 405nm. N=2

3.5.3 Competition ELISA

The type 9V pneumococcal polysaccharide mimicry properties of the phage displayed 

peptides were confirmed by competition ELISA. The binding mAb 206,F-5 to three of the 

four phage clones that were selected could be inhibted by first incubating the mAb with 1 

pg of serotype 9V pneumococcal polysaccharide. These data are shown in Figure 3.7. 

These results indicated that the peptide mimotope and native polysaccharide antigen 

occupied the same antibody binding site of 206,F-5, as preincubation with polysaccharide, 

inhibited the mAb binding to the peptide. The peptide was therefore a mimic of serotype 

9V pneumococcal polysaccharide.

MP7 demonstrated the greatest inhibition to the binding of 206,F-5 with an average (mean) 

percentage inhibition of 79 %. The binding of 206,F-5 to MP55 was also inhibited (31 %). 

However, the binding to MP12 was only inhibited by 9 % and binding to MP58 was not
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inhibited. This implied that the peptide mimotope MP7 may display a stronger likeness to 

serotype 9V polysaccharide than the other mimotopes. This was explored further by 

investigating the ability of the peptide mimotope MP7 to not only bind, but also compete 

for the binding of human polyclonal serum to serotype 9V pneumococcal polysaccharide. 

These results are discussed in §3.5.4.
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Figure 3.7. Competition ELISA. This assay shows whether pre-incubation with the mAb’s native 

antigen (9V pneumococcal polysaccharide) can inhibit binding to the phage supernatant in PHAGE 

ELISA. This figure shows the inhibition of reactivity (□ )  recorded when 1 pg 9V pneumococcal 

polysaccharide was incubated with mAb 206,F-5 prior to ELISA with the plate coated with the 

peptide. N=2

3.5.4 The murine peptide mimic MP7 also binds human antibodies

MP7 was selected using a murine antibody (206,F-5), it was therefore, interesting to 

discover whether MP7 could function as a pneumococcal polysaccharide mimic vaccine 

for use in humans.

Serum was obtained from three volunteers vaccinated with either the Pneumovax 

pneumococcal polysaccharide vaccine (Cc and Dc) or Prevenar pneumococcal 

polysaccharide conjugate vaccine (6c). Each of the sera bound MP7. Binding was then 

inhibited by prior incubation with 9V polysaccharide; the morphologically different 

serotype 4 polysaccharide was used as a control. As can be seen in Figure 3.8, the binding
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of MP7 by human serum could be inhibited as much as 27 % by serotype 9V 

polysaccharide. All inhibitions by serotype 9V polysaccharide were shown to be 

statistically different (P< 0.05) from the control (in a T-test). These results indicate that 

MP7 could possibly be used as a human vaccine against serotype 9V pneumococcal 

disease.

□  9V CPS 
4 CPS

© 15

Dc
Human serum

Figure 3.8. Inhibition of the binding o f peptide MP7 and human serum by pre-absorption with 

9V polysaccharide. Serum was obtained from human volunteers vaccinated with polysaccharide 

conjugate vaccine (Cc and Dc) or the polysaccharide vaccine Pneumovax (6 C). The chart shows the 

absorbance readings determined by ELISA using human sera pre-adsorbed with 9V polysaccharide 

(□ ), or serotype 4 pneumococcal polysaccharide (■). N=1

3.5.5 The sequence of the serotype 9V peptide mimics

The four peptides described in §3.5.3 (MP7, MP12, MP55 and MP58) were sequenced. 

The sequences obtained are shown in Table 3.3.

N.B. As is standard for many researchers, peptide structures were written so that the amino 

group (as H2N -) was at the left and the carboxyl group (as COOH) was at the right. 

Consequently, the left and right ends of the peptide are referred to as the N terminus 

(amino) and the C terminus (carboxyl), respectively (Atkins and Carey 2001).
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Table 3.3 Sequences of peptides selected from phage-displayed peptide libraries using the murine mAb 
206,F-5.

Clone Library Sequence a

MP7 pVlII-12aa n h 2 AEGEF- KFHPKDIPYQVW- GD PAK COOH

MP12 pVIII-12aa n h 2 AEGEF - HKKDFARGPGWS -  GDPAK COOH

MP55 pVIH-12aa.Cys n h 2 AEGE F - RQFECYTTTCVG- GDPAK COOH

MP58 pVIIl-15aa n h 2 AEGEF- RQGEEVYMWRDSMPA- GDPAK COOH

a The first five amino acids (AEGEF) and the last five (GDPAK) are constant in the library, as they belong 

to the pVHI coat protein sequence in the pC89 phagemid vector, and are therefore invariant in the random 

peptide libraries used for this study.

3.5.5.1 Analysis of the peptide sequences

3.5.5.1 The occurrence of certain residues is not random

A method used by Mertens et al. (2001) was applied to determine a ratio (frequency) of 

occurrence of each amino acid. First the expected frequencies of each residue were 

calculated based on the number of oligonucleotides that encoded each amino acid that were 

used to construct the libraries. If  the observed frequency was the same as the expected 

frequency (a ratio of 1.0) then the presence of these residues in the sequence was a random 

event, since the library was constructed randomly. Any ratio >1.0 indicated an over

representation of that residue (Mertens et al. 2001). Figure 3.9 shows that the occurrence 

of each amino acid residue in the four 9V peptide mimics is not random. There appears to 

be a biased proportion of residues, as many residues had a ratio >1.0. Interestingly, all four 

aromatic amino acids [histidine (H), phenylalanine (F), tyrosine (Y) and tryptophan (W)] 

were over-represented, in particular phenylalanine and tryptophan. Some researchers do 

not regard histidine as an aromatic amino acid (Stryer 1995). However, previous work on 

peptide mimics (Hoess et a l 1993; Phalipon et al. 1997) and protein structure (Sternberg 

1996) does includes histidine in this group and therefore this is the classification used in 

this thesis. This is discussed more in §5.4.1.1
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MP7 contained 33 % aromatic amino acids, MP12 25 %, MP55 17 % and MP58 13 %. 

Additionally glycine (G), histidine (H), lysine (K), and glutamine (Q) are over represented 

in the 9V mimics, whereas A and S, and T and V were underrepresented

Serotype 9V Mines

; □ Serotype 8V Mnics

u XL
A D E F G H I  K L M N P Q R S T V W Y Z

Residue

Figure 3.9. Occurrence frequencies o f each residue in the peptides selected with mAb 206,F-5 

from the pVHI-12aa, pVII-12aa.Cys and pVIII-15aa libraries (□). The vertical axis is the ratio 

between the observed frequency of each residue in the peptides and the theoretical frequency of each 

residue calculated based on the proportion of each codon present in the randomly generated 

oligonucleotides used to construct the libraries, each coding for a particular amino acid. A ratio above 

1.0 indicates over-representation o f a particular residue in the peptides. Cysteine has been excluded 

from this graph, as it is not a randomly generated residue. It is fixed in the sequences o f the pVHI- 

12aa.Cys peptides and did not appear in the 6 B mimics. The ‘Z’ residue corresponds to the stop 

codon, since all peptides are of the expected length, it is logical to observe no stop codons.

3.5.5.2 Sequence alignment

The sequences of the serotype 9V peptide mimics were aligned using the ClustalW 

program described by Thompson et al. (1994). This scored the identity of two peptides 

based on exact matches. Rarely do two aligned sequences share 100 % identity, even 

though the function of both proteins could be similar. Therefore, many researchers use a 30 

- 40 % significant level (A. Stark, personal communication). Any two sequences that 

shared greater than this percentage identity were considered to be significantly similar. 

Therefore, since the serotype 9V pneumococcal polysaccharide mimics display a 

maximum of 25 % identity (Table 3.4) there is no consensus sequence.
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Table 3.4 Alignment and consensus identity score of serotype 9V peptide mimics

Peptidel Peptide 2 Identity
(%)

MP7 MP12 25
MP7 K F H P K D I P Y Q V - W - - COOH

MP55 MP58 16 M P12 - -HKKDFARGPGWS- COOH

MP7 MP58 8 M P58 RQGEEVYMWRDSMPA COOH

MP12 MP55 8

M P55 ----- RQFECYTTTCVG COOH

MP12 MP58 8

The four serotype 9V pneumococcal polysaccharide peptide mimics were arranged using the ClustalW 

version 1.82 program. Each peptide was placed based on its identity to the adjacent peptides. Colour 

codes: Small + hydrophobic (including aromatic -Y) residues (R E D ),  Acidic residues (B L U E ),  Basic 

residues (M A( iENTA), Hydroxyl + Amine + Basic - Q (GREEN).

3.6 Immunisation with peptide mimics of type 9V pneumococcal polysaccharide

3.6.1 To recapitulate

To determine if the peptide sequences described above could elicit potentially protective 

antibodies in vivo, corresponding peptides were synthesised, conjugated to KLH, and used 

to immunise mice. The immunisation schedules were shown in Table 2.7. The peptide 

MP58 bound to the filamentous phage (M13) was also used to immunise mice (see §2.6.1). 

Control mice received KLH alone. Serum samples were collected by tail bleeding at 

various time points throughout the schedule (see Table 2.7 for more details).

To determine whether immunisation with a peptide mimic of serotype 9V pneumococcal 

polysaccharide protected mice from developing pneumococcal disease, immunised mice 

were challenged with a dose of serotype 9V pneumococci previously shown to cause 

disease (see §3.2.3). Control mice were challenged at the same time as the experimental 

groups.
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3.6.2 Immunisation with MP7 protected mice from serotype 9V pneumococcal disease

Following challenge with serotype 9V pneumococci, the survival curve of mice 

immunised with MP7 conjugated to KLH was significantly different (P< 0.05) from the 

control mice that received KLH alone. Kaplan-Meier survival analyses compared the 

survival curves from the 20 MP7-KLH immunised mice and the 19 control mice that were 

challenged. These are shown in Figure 3.13a. Sixty percent of mice (12/20) immunised 

with MP7-KLH survived an intraperitoneal challenge of 1 x 107 cfu serotype 9V 

pneumococci, compared to the control mice where 38 % (7/19) survived to 10 days after 

challenge with the same dose of bacteria. This implies that the sequence of MP7 possesses 

the ability to elicit a functional immune response against serotype 9V pneumococcal 

disease.

The challenged mice were also monitored for any signs of pneumococcal disease, which 

were scored by the scheme of Morton et a l (1985). The scoring system was shown in 

Table 2.3. These results (shown in Figure 3.13b) showed the median cumulative disease 

sign score from mice immunised with MP7-KLH was 2.0, which was lower than from 

mice that received MP12-KLH or KLH alone (9.0 and 6.0 respectively). However, this 

was not significantly different from the control mice (ANOVA, T-test).

These results indicate that immunisation with MP7 prevented more mice from developing 

signs of pneumococcal disease signs compared to those that received either the control or 

MP12 vaccines. However, if  these mice began to develop signs of disease, the disease 

progressed at a similar rate for all the mice, irrespective of the vaccine they had received. 

This is indicated by the difference in the average disease sign scores between the groups, 

as some mice developed no signs of disease.

Mice receiving MP7-KLH, MP12-KLH or KLH alone (control) were immunised and 

challenged at the same time and received an identical challenge dose. The challenge results 

from of all these immunisations confirms the specificity of the anti-MP7 protective 

response, since the mice immunised with KLH alone or MP12-KLH were not protected 

against type 9V pneumococcal disease (see §3.6.3).
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Figure 3.10. (A) Survival of mice challenged intraperitoneally with 1 x 107cfu 9V pneumococci. The 

graph shows the Kaplan-Meier survival curves o f 20 mice immunised with peptide MP7-KLH (■) and 

20 mice immunised with MP12-KLH (■) compared to 20 mice immunised with KLH alone (■) prior 

to challenge. (B) The Box-plot of disease sign scores o f mice receiving 3 doses of with peptide MP7- 

KLH (■) and 20 mice immunised with MP12-KLH (■) compared to 20 mice immunised with KLH 

alone (■ ) followed by challenge with 1 x 107cfu type 9V pneumococcus i.p. The whisker bars 

represent the range of conditions scores, the borders o f the box are the 25 % and 75 % percentiles and 

the bar dividing the box is the median.

3.6.3 Immunisation with MP12, MP55 or MP58 did not protect mice from serotype 

9V pneumococcal disease

Immunisation with MP12-KLH, MP55-KLH, MP58-KLH or MP58-PH (phage bound 

peptide MP58) did not confer protection against the development of pneumococcal disease 

in mice. Figures 3.10, 3.11 and 3.13 showed that the survival following challenge with 

serotype 9V pneumococci of mice immunised with MP12-KLH, MP55-KLH, MP58-KLH 

and MP58-PH was not significantly different (P> 0.05) from the contol mice (immunised 

with KLH alone).

Of these three peptides, immunisation with peptide MP58 bound to phage (MP58-PH) 

produced the highest rate of survival in an immunised group of mice, although this was not 

statistically different from the control group (see Figure 3.11). Fifty percent (10/20) of 

mice immunised with MP58-PH survived an intraperitoneal challenge of 3 x 108 cfu 

serotype 9V pneumococci, compared to the control mice where 21 % (3/14) survived
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challenge with the same dose of bacteria. The probability that these survival curves 

belonged to different distributions was close to the 95 % significance level (P=0.089).

The results of the disease sign scores (shown in Figure 3.12) showed that the median 

cumulative disease sign score from mice that received MP58-PH was 7.0, which was lower 

than from mice that received KLH alone (11.5). This is not a statistical different (ANOVA, 

T-test). However the mice immunised with MP58-PH received a high dose of
o *

pneumococci ( 3 x 1 0  cfu), therefore it could be possible the mice were overwhelmed by 

the infection and could not elicit a high enough response to reduce the signs of disease, 

irrespective of the effects of immunisation. To determine whether this was an important 

consideration in protection studies, the immunisation schedule for MP58-PH was repeated.

The second experimental group of MP58-PH immunised mice received a challenge dose of 

3 x 107 cfu serotype 9V pneumococci. Forty seven percent (9/19) mice survived. However, 

40 % (8/20) of the control mice also survived challenge (the survival curve is shown on 

Figure 3.14b). Kaplan-Meier survival curve analysis judged the difference to be non

significant (P> 0.05). There was also no significant difference (P> 0.05) between the 

disease sign scores acquired for the groups (see Figure 3.12b). The median cumulative 

disease sign score from mice that received MP58-PH was 4.0, which was similar to that 

from mice that received KLH alone (5.0).

Immunisation with three doses of MP58-KLH led to a survival rate of 47 % (9/19) (Figure 

3.13). However, the significance of this survival rate was much less than for the MP58-PH 

immunised mice, as 50 % (10/20) of the control mice also survived. Kaplan-Meier survival 

analysis showed no significant difference (P> 0.05). The median cumulative disease sign 

score was lower in the peptide-immunised mice, at 4.0, compared to 8.0 for the control 

group; however, this was also not a significant difference (P> 0.05) (Figure 3.14).

Forty percent of mice (8/20) immunised with three doses of MP12-KLH survived an 

intraperitoneal challenge of 1 x 107 cfu serotype 9V pneumococci, compared to the control 

mice where 38 % (7/19) survived challenge with the same dose of bacteria. These data are 

shown on Figure 3.10 alongside the survival results for MP7-KLH. Not only were the 

survival curves for the MP12-KLH-immunised and control groups similar, but also the
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Figure 3.11. (A) Survival curve for mice immunised against type 9V pneumococcus with peptide 58 

(■) bound to the phage compared to PBS immunised control mice (■) when challenged with 3xl08cfu 

type 9V pneumococcus i.p. (B) The survival o f a second group of mice receiving 3 doses o f phage 

bome-peptide 58 (■) followed by challenge with 3xl07cfu type 9V pneumococcus i.p. compared to 

PBS immunised control mice (■).

........

Control PH58 1 Control PH58 2

Figure 3.12. (A) Box-plot of disease sign scores for mice immunised against type 9V pneumococcus 

with peptide 58 (■) bound to the filamentous phage M l3 compared to PBS immunised control mice 

(■) when challenged with 3x l08cfu type 9V pneumococcus i.p. (B) The Box-plot o f disease sign 

scores of a second group of mice receiving 3 doses of phage bome-peptide 58 (■) followed by 

challenge with 3xl07cfu type 9V pneumococcus i.p. The whisker bars represent the range of 

conditions scores, the borders of the box are the 25% and 75% percentiles and the bar dividing the box 

is the median.
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Figure 3.13. Survival of mice challenged intraperitoneally with lx l0 7cfu 9V pneumococci. The graph 

shows the Kaplan-Meier survival curves of 20 mice immunised with peptide MP55-KLH (■) and 20 

mice immunised with MP58-KLH (■) compared to 20 mice immunised with KLH alone (■) prior to 

challenge.
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Figure 3.14. The Box-plot of disease sign scores of mice immunised with KLH alone (■), peptide 

MP55-KLH (■) or with MP58-KLH (■) when challenged with lx l0 7cfu type 9V pneumococcus i.p. 

The whisker bars represent the range of conditions scores, the borders o f the box are the 25% and 75% 

percentiles and the bar dividing the box is the median.
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median disease sign scores for mice that received MP12 were higher (9.0) than those of the 

control group (6.0) (Figure 3.10). Therefore, it was concluded that immunisation with 

MP12-KLH does not protect mice against developing serotype 9V pneumococcal disease.

Immunisation with three doses of MP55-KLH produced the lowest chance of survival after 

challenge (Figure 3.13). Upon challenge with 1 x 107 cfu 9V pneumococci only 28 % 

(5/18) of the mice that received MP55-KLH survived, compared to 50 % (10/20) in the 

control group. The median disease sign score for the group that were immunised with the 

peptide was also higher (11.5) than those of the mice that received KLH alone (8.0) 

(Figure 3.14). Therefore, it was concluded that immunisation with MP55-KLH does not 

protect mice against developing serotype 9V pneumococcal disease.

3.6.4 The antibody response in mice immunised with serotype 9V peptide mimics

3.6.4.1 Recapitulation

The development of specific anti-peptide and anti-polysaccharide antibodies in mouse 

serum following immunisation with peptide mimics was investigated by ELISA (see 

§2.8.1). Microtitre plates were coated with either the peptide conjugated to BSA (Bovine 

serum albumin) or serotype 9V capsular polysaccharide. The BSA conjugate was used to 

coat the plate as this eliminated the detection of any anti-KLH antibodies. A goat anti-IgG 

molecule conjugated to alkaline phosphatase was used to detect the bound antibody. The 

production of IgG indicated the stimulation of a secondary immune response. It also 

suggested the antibodies could mimic the mAb 206,F-5 (isotype IgGl) that selected the 

peptides.

3.6.4.2 Antibodies generated by control immunisation with KLH did not bind peptide or 

polysaccharide

Immunisation with KLH alone did not elicit a significant concentration of anti-peptide 

antibodies compared to the mice that were immunised with the peptide mimotopes 

conjugated to KLH. An ELISA (see §2.8.1) was performed to determine the IgG 

concentrations following the final boost immunisation of mice (TP77 or TP84 (see Table 

2.7)). This time point was used as it was thought the highest antibody concentration would 

be found at this point of the schedule.
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Figure 3.15 shows that the average (mean) serum anti-peptide IgG concentration from 

mice immunised with the peptide conjugates of MP7, MP12, MP55, and MP58, was >900 

pg ml*1. The average anti-MP7, MP12, MP55 or MP58 serum IgG concentration found in 

mice immunised with KLH alone was significantly lower (P< 0.05, T-test). Less than 2 pg 

ml'1 serum IgG from mice immunised with KLH alone bound to peptides MP12, MP55, or 

MP58. A greater quantity of control IgG serum bound to MP7 (13.9 pg ml*1), but this is 

still significantly different (P< 0.05) from the sera of mice immunised with the MP7-KLH 

(916 pg ml*1). This showed that the mice immunised with KLH alone did not develop 

antibodies that cross-reacted with any of the serotype 9V peptide mimotopes.
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Figure 3.15. The average (mean) serum anti-peptide IgG concentration from mice immunised 

with three doses of the peptide mimics MP7 (n=4), MP12 (n=19), MP55 (n=25) and MP58 (n=29) 

conjugated to KLH compared to mice immunised with KLH alone (n=8). The chart shows the 

reactivity of serum antibodies to the coating antigen from mice immunised with peptide mimics of 

serotype 9V pneumococcal polysaccharide (□ )  (at time point TP77 or TP84 (depending on schedule, 

see §2.7)). Also shown is the reactivity of control serum to the coating antigen, taken from mice 

immunised with KLH alone (■). Data are from ELISA with microtitre plates coated with 5 pg ml' 1 

peptide-BSA or 5 pg ml' 1 9V capsular polysaccharide.
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3.6.4.3 Antibodies generated from immunisation with MP58-PH cross-reacted with MP58- 

KLH, MP58-BSA. MP58-GST and serotype 9V pneumococcal polysaccharide 

A phage ELISA plate, as shown in Figure 2.2, was coated with an anti-pill antibody (anti- 

M13 phage coat protein III), which allowed the phage to be displayed in an orientation that 

increased the availability of the pVIII proteins to the mAb (see §1.5.3). However, we were 

not given permission to use of this antibody outside the lab in Sicily. Therefore, to detect 

the titre of anti-peptide IgG in immunised mouse serum, separate microtitre plates were 

coated with MP58 conjugated to KLH, BSA (Bovine serum albumin), or GST. Plates were 

also coated with serotype 9V capsular polysaccharide to detect whether anti-PnCPS 

antibodies had been generated in mice immunised with the peptide mimics. A goat anti- 

IgG molecule conjugated to alkaline phosphatase was used to detect the bound antibody 

(as before) and the titre was defined as the number of times higher than the absorbance 

when no serum was used.
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Figure 3.16. The anti-peptide IgG titre from mice immunised with the phage bound peptide 

mimic MP58 as determined by ELISA. Microtitre plates were coated with MP58 conjugated to 

KLH, BSA, or GST. Plates were also coated with serotype 9V capsular polysaccharide to detect the 

presence of anti-PnCPS antibodies. The titre was defined as the number o f times higher than the 

negative control (no sera). The chart shows the ability of antibodies (pooled serum (n=20) generated 

from immunisation with MP58-PH to bind to MP58-KLH, MP58-BSA, MP58-GST and to serotype 

9V pneumococcal polysaccharide (□ ). The titres recorded were significantly higher (P<0.05) than 

those achieved from control mice that received KLH alone (n=10) (■).
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Figure 3.16 shows that antibodies generated against MP58 displayed on phage (MP58-PH) 

bound to MP58-KLH, MP58-BSA, MP58-GST and to serotype 9V pneumococcal 

polysaccharide in ELISA. The control serum was obtained from mice immunised with PBS 

alone (as no wild-type phage was available). A one-tailed T test showed that the average 

(mean) antibody titres to MP58-KLH, MP58-BSA, MP58-GST and to serotype 9V 

pneumococcal polysaccharide generated from MP58-PH immunised mice (n=20) were 

significantly higher (P< 0.05) than those achieved from the control serum (n=10).

The titre of the anti-PnCPS IgG antibody response is significantly less (P< 0.05) than the 

anti-peptide IgG titre. On average (mean n=20) the anti-PnCPS IgG titre represents only

8.4 % of the anti-MP58-BSA response. This will be discussed further in §5.2.6.

3.6.4.4 Antibodies generated from immunisation with MP7. MP12 or MP58 bound to 

serotype 9V pneumococcal polysaccharide

For each mouse, the concentration of IgG in the pre-immune serum was used to determine 

the background absorbance. This value was subtracted from the concentration obtained at 

the other time points to indicate any increase in antibody levels after immunisation. The 

serum collected from mice immunised with KLH alone was used as a negative control; 

these results were discussed in §3.6.4.2. Only those mice that demonstrated an antibody 

level greater than zero after subtraction of the background level were used to determine the 

average (mean) IgG concentration. The standard deviation for each time point (see Figure 

3.17) was also determined.

The anti-MP7 and anti-serotype 9V capsular polysaccharide (anti-PnCPS) specific IgG 

concentrations in mice were significant boosted (P< 0.05, repeated measures ANOVA) 

following the administration of a second and third dose and MP7-KLH (Figure 3.17a). 

Thirteen mice from the 30 immunised with MP7-KLH were shown to elicit an anti-peptide 

immune response that was higher than in the pre-immune sera. The average IgG 

concentration was 2.1 pg ml'1 42 days after the first dose of peptide, which rose ten - fold 

14 days after the second dose to 23.3 pg ml'1. Fourteen days after the final boost the 

average IgG concentration was nearly 300 - fold higher than at day 42, at 603.3 pg ml'1. 

These data are shown in Figure 3.17a
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Figure 3.17. The humoral IgG response o f mice immunised with peptide conjugates MP7-KLH, 

MP12-KLH, MP55-KLH, or MP58-KLH. (A) shows the mean (n=13) anti-MP7 response (□ )  and 

the mean (n=3) anti-9V capsular polysaccharide response (■ ) from mice immunised with MP7-KLH. 

(B) shows the mean (n=20) anti-MP12 response (□ )  and the mean (n=5) anti-9V capsular 

polysaccharide response (■ ) from mice immunised with MP12-KLH. (C) shows the mean (n=26) 

anti-MP55 response (□ )  from mice immunised with MP55-KLH. No anti-9V capsular polysaccharide 

IgG antibodies were detected by ELISA (■). (D) shows the mean (n=29) anti-MP58 response (□ )  and 

the mean (n=5) anti-9V capsular polysaccharide response (■ ) from mice immunised with MP58- 

KLH. Primary and booster doses are marked on the graphs by arrows (see §2.7 for more details).

The IgG concentrations were determined by ELISA. Microtitre plates were coated with 5 pg ml'1 the 

BSA conjugated peptide or 5 pg ml’1 9V capsular polysaccharide, 100 pi per well. The concentration 

of antibody at time point 0 was used to determine the background level. This value was subtracted 

from the concentrations obtained from the other time points to indicate any increase in antibody levels 

after immunisation. Only those mice that demonstrated an increase in antibody levels were used to 

determine the mean IgG concentration and the error bars represent the standard deviation for each 

time point.
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The highest concentration of anti-MP7 IgG achieved by a single mouse was 1502.3 pg ml' 

l. The anti-PnCPS IgG concentration from the same mouse was 19.1 pg ml'1; which is 1.3 

% of the anti-peptide IgG. Another mouse that responded well to immunisation produced

614.5 pg ml'1 anti-MP7 IgG, the anti-PnCPS IgG concentration was 23.5 pg ml"1 (3.8%). 

Both these mice survived challenge.

Mice immunised with MP12-KLH, MP55-KLH or MP58-KLH produced a higher 

concentration of anti-peptide antibody after two doses of antigen (TP56) than mice 

immunised with three doses of MP7-KLH. At this time point, the highest average (mean) 

anti-peptide IgG concentration recorded was 12.45 mg ml"1 from mice immunised with 

MP58-KLH (n=29), mice immunised with MP55-KLH (n=26) elicited 25.87 mg ml"1 IgG 

and those that received MP12-KLH (n=20) produced 3 mg ml'1 anti-peptide IgG. The 

lowest of which, MP12-KLH, was still 1500-fold higher than in mice immunised with 

MP7-KLH. Blood samples prior to TP56 for mice immunised with MP55-KLH and MP58- 

KLH were not collected. However, at TP42 (prior to the first boost dose of MP12-KLH) 

the mean anti-peptide response was already 600 - fold higher (1338 pg ml'1) than when 

mice were immunised with MP7-KLH.

Despite these high concentrations, no significant boost (P> 0.05, repeated measures 

ANOVA) of the anti-peptide specific IgG concentrations was recorded from mice 

immunised with MP12-KLH. The anti-PnCPS IgG concentration elicited by these mice 

was also lower compared to MP7-KLH (Figure 3.17b). Five mice immunised with MP12- 

KLH, from the 20 investigated, elicited an average (mean) anti-PnCPS IgG concentration 

of 0.6 pg ml'1 after three doses of antigen (TP84). This was also shown to not be a 

significant boost (P> 0.05, repeated measures ANOVA).

Immunisation with multiple doses of MP55-KLH (n=26) did lead to a boost in the anti

peptide response (P< 0.05, repeated measures ANOVA). The IgG concentrations recorded 

were 25.87 mg ml'1 (TP56), 54.6 mg ml'1 (TP77), which decreases to 18.9 mg ml'1 33 days 

after the final dose (TP 103), see Figure 3.17c. No increase in the anti-PnCPS IgG 

concentration was detected in these mice, as the concentrations were the same or less than 

the background level.

156



Peptide Mimicry

However, immunisation with MP58-KLH did result in a significant boost (P< 0.05, 

repeated measures ANOVA) of the anti-MP58 and anti-serotype 9V capsular 

polysaccharide (anti-PnCPS) specific IgG concentrations (Figure 3.17d). Five mice, 

immunised with MP58-KLH elicited a mean anti-PnCPS IgG concentration of 1.0 pg ml"1 

after three dose of antigen (TP77). This represents only 1/125th of the average anti-MP58 

response (n=29). This is lower than the 8.4 % seen in mice immunised with MP58-PH (see 

§3.6.4.3).

The difference between the responses to immunisation with the peptide mimics could be 

due to genetic restrictions in the mice. The outbred strain of mouse used, MF1, possess 

genetically dissimilar individuals with different repertoires of MHC proteins. MHC 

molecules are present in phagocytes. Once the antigen enters the cell it binds to the MHC 

class II molecule, which presents the peptide on the cell surface to make it available to 

helper T cells. Once the T cell receptor binds to the peptide, cytokines are released which 

stimulate antibody production in B cells.

Therefore, antibody production is dependant on the MHC class II molecule recognising the 

peptide. From the results described here, it appears that the sequence of MP7 maybe less 

efficient at binding to the murine MHC II molecules than peptides MP12, MP55 and 

MP58. This is because immunisation with MP7 stimulated the lowest concentration of 

antibody of all the serotype 9V peptide mimics. Consequently, the MP7 sequence may not 

have stimulated B cell proliferation as efficiently, resulting in decreased anti-peptide 

antibody production. This could be examined by vaccinating other mouse species, and does 

not necessarily imply that this restriction would be present in humans.

An alternative approach is to substitute residues of the MP7 sequence with some from 

MP12, MP55 or MP58. All four peptides bound to the mAb 206,F-5 (see §3.5.2) and 

therefore, must have similar binding characteristics. Replacing amino acids could maintain 

the binding avidity and improve MHC recognition. A further method to improve 

immunogenicity is to test alternative immunisation protocols. Boosting at different 

intervals or using an alternative adjuvant may stimulate an increased antibody response. 

However, as discussed above, an IgG response of 23.5 jug m l'1 (from immunisation with 

MP7) was sufficient to protect against developing serotype 9V pneumococcal disease.
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3.6.4.5 Immunisation with MP55-KLH elicited antibodies with the highest avidity to the 

peptide vaccine and the strength of binding correlated to an extended survival time in 

challenged mice.

Antibody avidity is a measure of the functional strength of serum antibody to bind to 

antigen. In this study, we compared the avidity of antibodies elicited by immunisation with 

four peptide mimics of serotype 9V pneumococcal polysaccharide. The serum samples 

were obtained from mice immunised with three doses of MP7, MP12, MP55 or MP58 

conjugated to KLH (from time point TP77 or TP84). Microtitre plates were coated with the 

respective peptide conjugated to BSA. Bound antibodies were then treated with a 

concentration gradient of ammonium thiocyanate (see §2.8.3) to dissociate low avidity 

antibody from the antigen-coated plates. The molar concentration of ammonium 

thiocyanate resulting in 50 % reduction in antigen binding (antibody concentration) was 

termed the avidity.

We showed that mice immunised with MP55 evoked antibody of highest avidity. This was 

significantly greater than recorded for MP12 (P< 0.05) but equal to that of MP7 or MP58 

(P> 0.05). Figure 3.18a shows the mean avidity of antibody elicited by MP55 was 1.827 

M. This was higher than MP7 (1.567 M) and MP58 (1.289 M), and MP12 (0.969 M).

All the mice, that were tested, that received MP7-KLH (2/2) developed antibody avidity 

greater than 1.0 M. Eighty percent (8/10) of those that received MP58-KLH, and 67 % 

(6/9) of the mice given MP55-KLH developed avidity values in excess of 1.0 M. However, 

only 56 % (5/9) of those that received MP12-KLH developed avidity values in excess of

1.0 M.

Previous studies have shown that the avidity of anti-pneumococcal capsular antibodies can 

be related to their ability to confer protection against disease (Usinger et al 1999). Mice 

immunised with MP55-KLH or MP12-KLH that generated antibodies with higher avidity 

showed an extended survival time compared to low-avidity antibody in survival assays. 

This is shown in Figure 3.18b. The correlation coefficients for mice immunised with MP12 

(n=9), MP55 (n=9), and MP58 (n=10) are shown. The correlation coefficient for MP7 

could not be calculated from two values. The positive correlation coefficients of 0.0379 

and 0.058 were observed for MP12 and MP55, respectively. The antibodies with high 

avidity to MP58 did not correlate with an extended survival time.
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Figure 3.18 (A) The mean avidity of binding of anti-peptide mouse antibodies to MP7-KLH (n=2), MP12- 

KLH (n=9), MP55-KLH (n=9) or MP58-KLH (n=10). (B) the correlation o f mice that produced high avidity 

antibody and their survival.

3.6.4.6 Serum antibodies developed from immunisation with peptides MP7, MP12 or 

MP55 compete for binding of serotype 9V pneumococcal polysaccharide and the peptide 

mimic equally.

To determine whether anti-peptide antibodies bound to serotype 9V polysaccharide, an 

ELISA was performed (as §3.6.4.5) except the serum was pre-incubated with either 

purified serotype 9V pneumococcal capsular polysaccharide, or E. coli lipopolysaccharide 

(LPS) as a negative control.
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Figure 3.19 shows the average (mean) percentage inhibition and standard deviation of 

antibodies to bind to peptides MP7-BSA, MP12-BSA, MP55-BSA and MP58-BSA by pre

adsorption to capsular polysaccharide. Inhibition of antibody binding indicated a mutual 

recognition of the antibody-binding site by both antigens and, therefore, the act of 

mimicry.
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Figure 3.19. The average (mean) percentage inhibition of binding o f anti-peptide specific mouse 

antibodies to MP7-KLH, MP12-KLH, MP55-KLH or MP58-KLH following pre-absorption 

with 9V polysaccharide. Serum was obtained from mice immunised with the peptide-conjugate and 

incubated with either 100 pg 9V polysaccharide (□ )  or E. coli lipopolysaccharide (■ ) prior to ELISA. 

Microtitre plates were coated with peptide-BSA to detect the presence o f anti-peptide antibodies, prior 

to, and following the addition o f polysaccharide. The percentage inhibition was determined from the 

difference in IgG concentrations recorded, divided by the absorbance recorded prior to addition of 

polysaccharide. The error bars represent the standard deviation o f the mean.

The inhibition of binding to peptides MP7, MP12 and MP55 by serotype 9V pneumococcal 

capsular polysaccharide was significantly greater (P< 0.05, T-test) than when E. coli LPS 

was used (see Figure 3.19). Antibodies generated by immunisation with MP12 displayed 

the greatest average (mean) inhibition at 26 %. This was double that recorded for MP7 at 

13 %, and higher still than for MP55 and MP58 (10 % and 0 %, respectively).
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These results show that the inhibition by serotype 9V pneumococcal polysaccharide is 

specific and, therefore, peptides MP7-KLH, MP12-KLH and MP55-KLH mimic serotype 

9V pneumococcal polysaccharide. To examine the cross-reactivity of these antibodies 

further, antibodies to MP7-KLH were tested on their ability to bind serotype 9V 

pneumococci in vitro. These results are described in §3.6.4.7.

3.6.4.7 Serum antibodies developed from immunisation with MP7 bound to serotype 9V 

bacterium in vitro

In addition to binding 9V polysaccharide (as described in §3.6.4.4), antibodies raised by 

immunisation with MP7-KLH also bound to serotype 9V pneumococci. A chain of 

fluorescent pneumococci was observed when bound antibodies were detected using a 

FITC-conjugated anti-mouse IgG antibody (see Figure 3.20a). Antibodies from mice 

immunised with KLH alone did not bind pneumococci and no fluorescence was observed 

when control serum was added as a primary antibody (Figure 3.20b). These results confirm 

the opsonic activity of the cross-reactive antibody that was observed with protection.

B

Figure 3.20. (A) Immunofluorescent labelling of pneumococci with murine polyclonal antibodies 

induced by immunisation with peptide mimic MP7-KLH conjugate. Serotype 9V pneumococci were 

incubated overnight with protein A purified mouse IgG from serum. This was followed by the 

addition of FITC-labelled goat anti-mouse IgG secondary antibody. A chain of fluorescent 

pneumococci is shown by the arrow. (B) pneumococci incubated with serum derived from mice 

immunised with KLH alone. No fluorescence was observed.
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Part B: Mimics of type 6B pneumococcal polysaccharide selected using a human mAb

3.7 Selection of peptide mimics to serotype 6B pneumococcal polysaccharide

3.7.1 Section overview

Peptides were selected from four rounds of panning the pVIII-12aa library with Db3G9. 

Alternate panning procedures were used starting with Biopanning and then Dynabeads for 

the following round (see Table 2.4). This was to eliminate any bias that maybe introduced 

from using a single technique. For example, during biopanning, some peptides may bind to 

streptavidin or the milk used to coat the plate and be eluted along with the mAb selected 

phage.

No positive clones were identified from screening with mAb DM5, although it was noted 

that the clones selected by Db3G9 also bound DM5 in ELISA (see Figure 3.22 and §3.7.4).

Peptides were selected for further characterisation on the basis that they bound to DM5, 

Db3G9, or both in colony immunoscreening and ELISA, and if binding was specifically 

competed by 6B pneumococcal polysaccharide.

3.7.2 Immunoscreening

E. coli TGI infected with the M l3 phage, displayed phage coat proteins on the external 

surface of the cell membrane. Therefore, phage-infected bacterial colonies were bound to a 

nitrocellulose filter and the presence of reactive phage were identified by incubation with 

either mAb Db3G9 or DM5 (see §3.7.3).

Figure 3.21a shows the presence of reactive clones on a filter containing colonies infected 

with phage carrying the pVIII-12aa library, after screening with Db3G9. The purple 

pigment represents where the colony had adsorbed to the filter. The clones that were 

selected for further characterisation are shown in Figure 3.21b. These clones were selected 

based on the intensity of the pigment they produced and also the ease of picking a pure 

colony (i.e. clearly separate from other clones).
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Figure 3.21. The positive clones identified by phage infected E. coli colony immunoscreening.

(A) positive clones were identified by the development o f a purple pigment where the colony had 

adsorbed to the nitrocellulose filter. (B) showed the positive clones that were picked from the agar and 

used in subsequent experiments

3.7.3 Phage ELISA

Individual phage clones were cultured as described in §2.5.7. The recovered phage 

supernatant was analysed for reactivity to DM5 or Db3G9 in phage ELISA (as described in 

§2.5.7.2).

As Figure 3.22 shows, the clones bound more of the mAb Db3G9 than DM5. This maybe 

due the mAb concentration used in ELISA, as both mAbs were diluted 1:50. All the phage 

clones (with the exception of 4, 17, 19 and 20) bound more of the mAb Db3G9 than the 

wild-type phage (pC89). This binding is also dependant on the presence of recombinant 

peptides, since a higher absorbance (P< 0.05) was observed compared to the wild-type 

pC89 phage. Only clones 1 and 9 bound a significantly higher (P< 0.05) proportion of 

mAb DM5 compared to the control phage.

Seven of these peptides were chosen for further investigation. These peptides were termed 

MP2, MP10, MP13 MP14, MP15, MP17, and MP18 (referring to clones 1, 2, 5, 9, 10, 11 

and 15 respectively).

163



Peptide Mimicry

1.8

in

0.8

P o s i t i v e  c l o n e  n u m b e r

Figure 3.22 The reactivity of the phage supernatant in PHAGE ELISA from 21 colonies 

identified by immunoscreening. The phage supernatant was used to coat the plate, and the 

monoclonal antibody (either DM5 (□ )  or Db3G9 (■)) was added in abundance (or no monoclonal 

(■), the amount of antibody that binds represented the number of reactive phage in the supernatant. 

N=2

3.7.4 Competition ELISA

The binding of all seven peptide mimics to mAb Db3G9 or DM5 could be inhibited by first 

incubating the mAb with serotype 6B pneumococcal polysaccharide. Statistical analysis 

could not be performed on these data since there was no negative control. Figure 3.23a 

showed that the binding of Db3G9 to the peptide MP2 was inhibited by 94 % following 

pre-absorption with serotype 6B pneumococcal polysaccharide. Binding pf Db3G9 to the 

peptides MP10, MP13 and MP15 was inhibited -25 %. These results showed that both the 

peptides and native polysaccharide antigen occupy the same antibody binding site of the 

mAb. This is because preincubation with polysaccharide blocks the ability of the mAb to 

bind to the peptide, as that region of the antigen binding site is already occupied. Therefore 

it was concluded that these peptides mimic an epitope of serotype 6B pneumococcal 

polysaccharide.

As a matter of interest, the binding of the mAb DM5 to the peptide mimics was also 

investigated. When these results (shown in Figure 3.23b) were compared to the 

competitive inhibition of Db3G9, an interesting phenomenon was observed. The results 

showed that binding to the peptide MP2, which was almost entirely inhibited by
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Figure 3.23. Competition ELISA. This technique shows whether pre-incubation with the mAb’s 

native antigen (6B pneumococcal polysaccharide) can inhibit the mAb binding to the phage in 

ELISA. (A) showed the inhibition o f binding each clone with mAb Db3G9 following pre-incubation 

of the mAb with 10 pg 6B pneumococcal polysaccharide (■). (B) showed the inhibition o f binding 

each clone with mAb DM5 following pre-incubation o f the mAb with 10 pg 6B pneumococcal 

polysaccharide (□ ). N=2
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6B pneumococcal polysaccharide when Db3G9 was used, displayed no sign of inhibtion to 

DM5. This was also observed for peptides MP10 and MP15, both of which demonstrated a 

lower percentage inhibition to DM5 than to Db3G9 (7 % and 0 % respectively). However, 

the preincubation of DM5 with serotype 6B pneumococcal polysaccharide resulted in a 

higher inhibition of binding to peptides MP17 and MP18 compared to when Db3G9 was 

used. Binding of the mAb to MP17 was inhibited by 59 % and to MP18 by 27 %, 

compared to 17 % and 11 % with Db3G9. These results indicated that although both mAbs 

do recognise and bind to the peptide mimics, they are infact binding to different epitopes 

within the sequence. If they recognised the same epitopes then the degree of inhibition 

would be equal.

3.7.5 The sequence of the serotype 6B peptide mimics

The seven peptide mimics of serotype 6B pneumococcal polysaccharide described in the 

previous sections (MP2, MP10, MP13 MP14, MP15, MP17, and MP18) were sequenced as 

described in §2.5.8. Table 3.5 shows the sequences obtained.

Table 3.5 Sequences of peptides selected from phage-displayed peptide libraries using the human mAb 
Db3G9

Clone Library Sequencea

MP2 pVIII-12aa n h 2 AEGEF- WGPRVIFEDVTV -GDPAK COOH
MP10 pVllI-12aa n h 2 AEGEF- EIYPWYPMAERS -GDPAK COOH

MP13 pVIII-12aa NH2 AEGEF- DWPALIFDQDML -GDPAK COOH

MP14 pVIII-12aa n h 2 AEGEF- WEWDWPRIELNI -GDPAK COOH

MP15 p VIII-12aa n h 2 AEGEF- YSLLVEPYTFDP -GDPAK COOH

MP17 pVIII-12aa n h 2 AEGEF- DWPAVIFEDTRA -GDPAK COOH

MP18 pVIII-12aa n h 2 AEGEF- WPQIWFDDEEDV -GDPAK COOH

" The first five amino acids (AEGEF) and the last five (GDPAK) are constant in the library, as they belong to 

the pVm  coat protein sequence in the pC89 phagemid vector, and are therefore invariant in the random 

peptide libraries used for this study.
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3.7.5.1 Analysis of the peptide sequences

3.7.5.1 The occurrence of certain residues is not random

A ratio (frequency) of occurrence was determined from the expected frequencies based on 

the codon frequencies in the oligonucleotides that were used to construct the libraries. 

Therefore, any ratio >1.0 indicated an over-representation of that residue (Mertens et a l 

2001). Figure 3.24 showed the frequency of occurrence for each randomly generated 

amino acid residue present in the seven 6B peptides selected from the pVIII-12aa phage 

display library. As described in §3.5.5.1, these are compared to the expected frequencies 

based on the codon frequencies in the oligonucleotides that were used to construct the 

libraries. As with the 9V peptide mimics, there does appear to be a biased proportion of 

residues. However, unlike the 9V mimics, the peptides selected here also appear to have a 

consensus sequence (see §3.7.5.2).

Only three (F, W, Y) of the four aromatic amino acids are over-represented in these 

peptides, in particular tryptophan (W) is represented more than 6 times the expected 

frequency. MP2 contains 17 % aromatic amino acids, MP10 25 %, MP13 17 %, MP14 25 

%, MP15 25 %, MP17 17 %, and MP18 25 %. There is also a high proportion of aspartic 

acid (D) and glutamic acid (E) residues, both (as their name suggests) are acidic, and 

negatively charged. Isoleucine (I), methionine (M) and valine (V) are also over represented 

in the 6B mimics.

3.7.5.2 Sequence alignment

The sequences of the serotype 6B peptide mimics were aligned using the ClustalW 

program described by Thompson et a l (1994). This scored the identity of two peptides 

based on exact matches. Sequences sharing greater than 30 % identity was considered to be 

significant (see §3.5.5.3). There does appear to be a significant amount of homology 

between the serotype 6B pneumococcal polysaccharide mimics. As shown in Table 3.6, 

peptides MP2 and MP17, and peptides MP13 and MP17 share 50 % identity. Additionally, 

peptides MP13 and MP17 share 33 % identity to MP18. This means that four of the seven 

peptide mimics share a significant degree of similarity. In fact, the similarity is so apparent 

that it can be seen without analysis and just from colour coding the amino acids (Table 

3.6). The pairing of tryptophan and proline residues (either PW, WP or WGP) is found in 

all seven peptides (except MP15 where proline is adjacent to tyrosine, another aromatic
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pairing). This feature has been described before (Phalipon et al. 1997; Mertens et al. 2001) 

and is discussed in §5.4.1.1.

All peptides contain at least one proline (P) residue and MP2 and MP15 both contain 2 

proline residues, which sandwich 2 aromatic amino acids between them. This was seen 

more clearly when displayed in Table 3.6. The significance of these findings is discussed 

in §5.3.

I Serotype 66 Mmcs

I  50

f lo 2.0 € I
m i .1i m . i 1 t

A D E F G H I  K L M N P Q R S T V W Y Z
Residue

Figure 3.24. Occurrence frequencies o f each residue in the peptides selected with mAb Db3G9 

from the pV m -12aa library (■). The vertical axis is the ratio between the observed frequency of 

each residue in the peptides and the theoretical frequency of each residue calculated based on the 

proportion of each codon present in the randomly generated oligonucleotides used to construct the 

libraries, each coding for a particular amino acid. A  ratio above 1.0 indicates over-representation of a 

particular residue in the peptides. Cysteine has been excluded from this graph, as it is not a randomly 

generated residue. It is fixed in the sequences of the pVIII-12aa.Cys peptides and did not appear in the 

6B mimics. The ‘Z’ residue corresponds to the stop codon, since all peptides are o f the expected 

length, it is logical to observe no stop codons.
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Table 3.6 Alignment and consensus identity score of serotype 6B peptide mimics

Peptidel Peptide 2 Identity
(% )

MP2 MP17 50

MP13 MP17 50

MP13 MP18 33

MP17 MP18 33

MP2 MP13 25

MP2 MP18 25

MP10 MP15 25

MP13 MP14 25 MP2 -------- W G P R V IF E D V T -V --  COOH

MP14 MP17 25
M P17

M P13

------D W -P A V IF E D T R -A --  COOH

------DW- P A L I FDQDM- L - -  COOH
MP14 MP18 25 M P18 -------- W -P Q IW F D D E E D V -- COOH

MP2 MP10 16 M P14 W EW D W -PRIELN-------- I - -  COOH

MP2 MP14 16 M P15 -------- Y - -S L L V E P Y T -F D P  COOH

MP13 MP15 16
MP10 - -EIY -PW Y PM A ERS-------  COOH

MP15 MP18 16

MP2 MP15 8

MP10 MP13 8

MP10 MP14 8

MP10 MP17 8

MP10 MP18 8

MP14 MP15 8

MP15 MP17 8

The seven serotype 6B pneumococcal polysaccharide peptide mimics were arranged using the ClustalW 

version 1.82 program. Each peptide was placed based on its identity to the adjacent peptides. Colour 

codes: Small (small+ hydrophobic (including aromatic -Y)) residues ( R E D ) ,  Acidic residues (B L U E ) ,  

Basic residues ( M A G E N T A ) ,  Hydroxyl + Amine + Basic - Q ( G R E E N ) .
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3.8 Immunisation with peptide mimics of serotype 6B pneumococcal polysaccharide

3.8.1 Section overview

Seven peptides had been selected from a phage display library expressing random 

dodecameric peptides using mAb Db3G9, a human monoclonal antibody that was raised to 

serotype 6B pneumococcal capsular polysaccharide (see §3.7.5). These peptides were 

designated MP2, MP10, MP13 MP14, MP15, MP17 and MP18.

To determine whether immunisation with a peptide mimic of serotype 6B pneumococcal 

polysaccharide protected mice against pneumococcal disease, mice immunised (see §2.7 

for immunisation schedules) with either MP2-KLH, MP10-KLH, MP13-KLH, MP14- 

KLH, MP15-KLH, MP17-KLH or MP18-KLH were challenged with a dose of serotype 6B 

pneumococci shown to cause disease (see §3.2.2). Control mice were immunised with 

KLH alone and then challenged alongside the experimental groups.

3.8.2 Immunisation with MP13-KLH protected mice from serotype 6B pneumococcal 

disease

There was a significant difference (P< 0.05) observed between the survival rates of mice 

immunised with MP13 conjugated to KLH (MP13-KLH) compared to the mice that 

received KLH alone (control) following intraperitoneal challenge with 1 x 105 cfu serotype 

6B pneumococci.

Kaplan-Meier survival curve analysis was performed to compare the survival data from the 

30 MP13-KLH immunised mice and the 20 control mice that were challenged. The 

survival curves were shown to be significantly different (P< 0.05) with 56 % (17/30) of 

mice immunised with MP13-KLH surviving challenge, compared to the control mice 

where only 20 % (5/20) survived. These data are shown in Figure 3.25a.

Initially the decline in the number of viable animals appeared to occur at a similar rate (as 

seen on Figure 3.25a). Then, 145 hours after challenge, the survival of the mice immunised 

with MP13-KLH significantly improved with only a further 20 % decline compared to a 

50 % decline in the control group. These results are reflected in the disease scores. 

Initially, all the mice that displayed diseases of pneumococcal disease produced a similar 

cumulative disease score. However, the median cumulative disease score from mice
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immunised with MP13-KLH was 0, which was significantly lower (P< 0.05, T-test) than 

from mice that received KLH alone (12.0). This shows that once diseases appeared, the 

disease progressed at a similar rate for all the mice; irrespective of the vaccine they had 

received. These results are shown in Figure 3.25b.
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Figure 3.25. Survival of mice challenged intraperitoneally with lxlO scfu 6B pneumococci. The

graph shows the Kaplan-Meier survival curves of 30 mice immunised with peptide MP13-KLH (■) 

compared to 20 mice immunised with KLH alone (■) prior to challenge. (B) The Box-plot of disease 

scores of mice receiving 3 doses o f with peptide MP13-KLH (■) compared to mice immunised with 

KLH alone (■) and then challenged with lx l0 5cfu type 6B pneumococcus i.p. The whisker bars 

represent the range of diseases scores, the borders of the box are the 25% and 75% percentiles and the 

bar dividing the box is the median. The mean value of MP13-KLH is close to the 25 %.

3.8.3 Mice immunised with MP2-KLH produced the highest percent survival of 

serotype 6B pneumococcal disease

Seventy percent of mice (7/10) immunised with a single dose of MP2-KLH survived an 

intraperitoneal challenge with 1 x 106 cfu serotype 6B pneumococci, compared to the 

control mice where 40 % (4/10) survived to 15 days after challenge with the same dose of 

bacteria. Kaplan-Meier survival analysis determined that the difference between these 

survival curves was not significant (P> 0.05), this is shown in Figure 3.26.

However, mice immunised with MP17-KLH (also shown on Figure 3.26) or MP2-KLH 

were challenged at the same time and were administered an identical dose of pneumococci. 

Twenty percent (2/10) of mice immunised with MP17-KLH survived challenge. When the
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survival of these mice was compared to the survival of mice immunised with MP2-KLH, a 

significant difference was observed (P< 0.05). This implies that there is some functionality 

to the immune response to the mimotope MP2. This deduction is reflected in the average 

group disease scores. These results showed the median cumulative disease score from 

mice immunised with MP2-KLH was 0, which was lower than from mice that received 

MP17-KLH or KLH alone (13.5 and 8.0 respectively). This difference is not statistically 

different (P> 0.05, ANOVA, T-test) as the range of disease scores is similar for each 

group. This implies that immunisation led to a greater percentage survival (decreased 

mortality) although the degree of diseases suffered was not affected (similar morbidity).
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Figure 3.26. (A) Survival of mice challenged intraperitoneally with lx l0 6cfu 6B pneumococci.

The graph shows the Kaplan-Meier survival curves of 10 mice immunised with peptide MP2-KLH 

(■) and 10 mice immunised with MP17-KLH (■) compared to 20 mice immunised with KLH alone 

(■) prior to challenge. (B) The Box-plot of disease scores of mice receiving 3 doses of with peptide 

MP2-KLH (■) compared to mice immunised with MP17-KLH (■) and mice immunised with KLH 

alone (■) and then challenged with lx l0 6cfu type 6B pneumococcus i.p. The whisker bars represent 

the range of diseases scores, the borders of the box are the 25% and 75% percentiles and the bar 

dividing the box is the median. The mean value o f MP2-KLH is close to the 25 %.

3.8.4 Immunisation with MP10, MP14, MP15, MP17 or MP18 did not protect mice 

from serotype 6B pneumococcal disease

Immunisation with MP10-KLH, MP14-KLH, MP15-KLH, MP17-KLH and MP18-KLH 

conferred no protection against developing serotype 6B pneumococcal disease in mice. 

Figures 3.27, 3.28 and 3.29 showed that the survival of mice immunised with these 

peptides was not significantly different (P> 0.05) from the contol mice (immunised with
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KLH alone) following challenge with serotype 6B pneumococci, as determined by Kaplan- 

Meier survival curve analysis.

Fifty percent (5/10) of mice immunised with one dose of MP14-KLH survived 18 days 

after challenge with 3 x 105 cfu 6B pneumococci. Kaplan-Meier survival curve analysis 

determined this survival to be non-significant (P> 0.05), as 40 % (4/10) of the mice 

immunised with KLH alone (control) also survived (see Figure 3.27a) However, the 

median group disease score was lower in the peptide-immunised mice, at 2.0, compared to

10.0 for the control group. The maximum disease score acquired for the mice receiving 

MP14 (19.0) was also lower than the control mice (32.0). These results were not 

statistically different (P> 0.05, T-test). However, it does imply that immunisation with 

MP14-KLH offered protection against the development of more severe diseases of disease. 

This is discussed further in §3.8.5.3 together with the analysis of ELISA results.

Immunisation with MP15-KLH produced a similar result as MP14. Thirty six percent 

(4/11) of mice immunised with three doses of MP15-KLH survived 14 days after challenge 

with 1 x 106 cfu 6B pneumococci (see Figure 3.27a). Kaplan-Meier survival curve analysis 

determined this survival to be non-significant (P> 0.05), as 30 % (3/10) of the mice 

immunised with KLH alone (control) also survived. However, the median group disease 

score was lower in the peptide-immunised mice, at 6.5, compared to 8.0 for the control 

group. The maximum disease score acquired for the mice receiving MP15 (20) was slightly 

lower than the control mice (24). However, this difference was not significant (P> 0.05, T- 

test, ANOVA).

Immunisation with three doses of MP10-KLH resulted in no difference to the survival of 

mice after challenge. Upon challenge with 1 x 105 cfu 6B pneumococci only 33 % (5/15) of 

the mice that received MP10-KLH survived, compared to 35 % (7/20) in the control group 

(see Figure 3.28a). The median disease score for the group that were immunised with 

MP10 was slightly lower (6.5) than those of the mice that received KLH alone (7.0) 

(Figure 3.28b). This concludes that immunisation with MP10-KLH does not protect mice 

against developing serotype 6B pneumococcal disease.

Mice immunised with one dose of MP17-KLH or MP18-KLH were challenged 98 days 

after administration of the vaccine. Twenty percent (2/10) of mice immunised with MP17-
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KLH, and 40 % (4/10) of mice immunised with MP18-KLH survived 14 days after 

challenge with 1 x 106cfu 6B pneumococci see Figure 3.29a). Kaplan-Meier survival curve 

analysis determined this survival to be non-significant (P> 0.05), as 30 % (3/10) of the 

mice immunised with KLH alone (control) also survived. The median disease score for 

mice immunised with the peptides was also higher (13.5 and 8.0 respectively) than for 

mice that received KLH alone (8.0) (Figure 3.29b). This concludes that immunisation with 

one dose of MP17-KLH or MP18-KLH does not protect mice against developing serotype 

6B pneumococcal disease.
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Figure 3.27. (A) Survival curve for mice immunised against type 6B pneumococcus with peptide 

MP14 compared to sham-immunised control mice when challenged with 3 x 105cfu i.p. (B) The

Box-plot of disease scores of mice receiving 3 doses of with peptide MP14-KLH (■) compared to 

mice immunised with KLH alone (■) and then challenged with 3 x 105cfu type 6B pneumococcus i.p. 

The whisker bars represent the range of diseases scores, the borders o f the box are the 25 % and 75 % 

percentiles and the bar dividing the box is the median.
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Figure 3.28. (A) Survival curve for mice immunised against type 6B pneumococcus with peptide 

MP10-KLH compared to mice immunised with KLH alone when challenged with 1 x 105cfu i.p.

(B) The Box-plot o f disease scores of mice receiving 3 doses o f with peptide MP10-KLH (■) 

compared to mice immunised with KLH alone (■) and then challenged with 1 x 105cfu type 6B 

pneumococcus i.p. The whisker bars represent the range o f diseases scores, the borders o f the box are 

the 25 % and 75 % percentiles and the bar dividing the box is the median.
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Figure 3.29. (A) Survival of mice challenged intraperitoneally with 1 x 106cfu 6B pneumococci. 

The graph shows the Kaplan-Meier survival curves of 10 mice immunised with peptide MP15-

KLH (■), 10 mice immunised with MP17-KLH (■), or 20 mice immunised MP18-KLH (■) with 

compared to 20 mice immunised with KLH alone (■) prior to challenge. (B) The Box-plot of disease 

scores of mice immunised with peptide MP15-KLH (■), MP17-KLH (■) or MP18-KLH (■) 

compared to mice immunised with KLH alone (■) and then challenged with 3 x 105cfu type 6B 

pneumococcus i.p. The whisker bars represent the range o f diseases scores, the borders of the box are 

the 25 % and 75 % percentiles and the bar dividing the box is the median.

175



Peptide Mimicry

3.8.5 The antibody response in mice immunised with serotype 6B peptide mimics

3.8.5.1 To recapitulate

The presence of specific anti-peptide and anti-6B polysaccharide antibodies in mouse 

serum was investigated by ELISA (see §2.3). Microtitre plates were coated with either the 

peptide conjugated to BSA (Bovine serum albumin) or serotype 9V capsular 

polysaccharide; coating with the BSA conjugate eliminated the detection of any anti-KLH 

antibodies. A goat anti-IgG molecule conjugated to alkaline phosphatase was used to 

detect the bound antibody. The production of IgG indicated the stimulation of a secondary 

immune response, it also suggested the antibodies could bind to macrophages and 

neutrophils to promote bacterial phagocytosis, stimulate complement and, most 

importantly, mimic the mAb Db3G9 (of the isotype IgG2) that selected the peptides.

3.8.5.2 Antibodies generated bv control immunisation with KLH did not bind peptide or 

polysaccharide

Immunisation with the KLH alone did not elicit a significant concentration of anti-peptide 

antibodies compared to the mice that were immunised with KLH conjugated to the peptide 

mimotope. An ELISA (see §2.8.1) was performed to determine the IgG concentrations 

following the final boost immunisation of mice (TP77 or TP84 (see Table 2.7)). This time 

point was used as it was thought this would elicit the highest antibody concentration of the 

schedule.

As Figure 3.30 shows, the average (mean) antibody concentration for mice immunised 

with the peptide conjugates of MP2, MP10, MP13, MP14, MP15, MP17 and MP18 was 

>69 jig ml'1. The average anti-MP2, MP10, MP13, MP14, MP15, MP17 and MP18 serum 

IgG concentration reported in mice immunised with KLH alone was significantly lower 

(P< 0.05, T-test).

The serum from mice immunised with KLH alone reacted to MP14, MP2 and MP10 the 

best (13.1 jig ml'1, 12.0 jug ml'1 and 8.5 pg ml'1 IgG, respectively, but this is still 

significantly different (P< 0.05, T-test) from the sera of mice immunised with the peptide 

conjugate (220.1 pg ml'1, 369.4 pg ml'1 and 1500.5 pg ml'1, respectively). The control 

serum cross-reacted far less with peptides MP13, MP15, MP17 and MP18 with a 

maximum concentration of 5.6 pg ml"1, as shown on Figure 3.30. This shows that the mice
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immunised with KLH alone did not develop antibodies that cross-reacted with any of the 

serotype 6B peptide mimics.
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Figure 3.30. IgG titre of sera o f mice immunised with peptide conjugates. The chart shows the 

average (mean) anti-peptide IgG concentration from the serum o f mice immunised with peptide 

conjugates MP2 (n=10), MP10 (n=30), MP13 (n=29), MP14 (n=30), MP15 (n=30), MP17 (n=6), 

MP18 (n=10) from time point 84, time point 70, or time point 42 (□ ). The reactivity o f the anti-KLH 

IgG antibodies to the peptide conjugates from sham-immunised mice is also shown (■). Data are from 

ELISAs o f microtitre plates coated with 5 pg ml'1 peptide-BSA or 5 pg ml'1 6B capsular 

polysaccharide, 100 pi per well. Error bars represent the standard deviation o f the mean. The 

reactivity of the sham immunised mouse serum to 6B capsular polysaccharide o f serum from mice 

immunised is also shown.

3.8.5.3 Antibodies generated from immunisation with all serotype 6B peptide mimics 

cross-reacted with serotype 6B pneumococcal capsular polysaccharide 

The concentration of IgG at time point 0 was used to determine the background absorbance 

readings. This value was subtracted from the concentrations obtained from the other time 

points to indicate any increase in antibody levels after immunisation. The serum collected 

from mice immunised with KLH alone was also used as a negative control; these results 

were discussed in §3.8.5.2. Only those mice that demonstrated an increase in antibody 

levels were used to determine the average (mean) IgG concentration and the range 

(standard deviation) for each time point (see Figure 3.31).
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Immunisation with MP10 elicited an anti-peptide and anti-6B polysaccharide response that 

was significant boosted (P< 0.05, repeated measures ANOVA) following administration of 

further doses (Figure 3.31). All 30 mice immunised with MP10-KLH elicited antibodies 

that reacted with MP10-BSA. The average (mean) and standard deviation of these data are 

shown in Figure 3.30. The average IgG concentration was 218 pg ml'1 14 days after the 

first dose of peptide, which rose nineteen-fold 14 days after the first boost (TP56) to 4.1 

mg ml'1. However, 17 days after the second boost (TP80) the average IgG concentration 

decreased to 2.8 mg ml'1.

The highest concentration of anti-MPIO IgG achieved by a single mouse was 40 mg ml'1, 

this mouse did not survive challenge. The highest anti-6B polysaccharide IgG 

concentration from a single mouse was 176 pg ml'1, this mouse also did not survive 

challenge. The average (mean) anti-6B polysaccharide IgG concentration over the 

immunisation schedule followed a similar pattern to the anti-peptide antibody (see Figure 

3.30). Fourteen days after the first dose of peptide the anti-6B polysaccharide IgG 

concentration was 0.2 pg ml'1. This rose hundred-fold 14 days after the first boost (TP56) 

to 21 pg ml'1, which increased further to 36 pg ml'1 17 days after the second boost (TP80).

Immunisation with MP2-KLH also produced a significant increase (P< 0.05, repeated 

measures ANOVA) in the concentration of anti-6B polysaccharide IgG over time (Figure 

3.32a). Ten mice immunised with MP2-KLH elicited an average (mean) anti-6B 

polysaccharide IgG concentration of 241 pg ml'1 after one dose of antigen (TP36). At the 

same time the concentration of anti-6B polysaccharide antibody reached 300 pg ml'1. This 

is significantly higher (P< 0.05, T-test) than the anti-6B polysaccharide concentration 

generated by mice immunised with MP10-KLH at the same time point. Maybe this is why 

a survival rate of 70 % (7/10) was noted following the challenge of mice immunised with 

MP2, compared to only 32 % (8/25) in mice that received MP10.

Immunisation with either of the MP13, MP14, MP15, MP17 and MP18 peptide conjugates 

elicited a much lower concentration of anti-6B polysaccharide IgG compared to MP2 and 

MP10 (Figure 3.32bcdef). Fourteen mice, from the 30 investigated, immunised with 

MP13-KLH elicited an average (mean) anti-6B polysaccharide IgG concentration of 0.2 pg 

ml'1 after three dose of antigen (TP77). This is a significant boost (P< 0.05, repeated 

measures ANOVA). The average (n=30) anti-peptide IgG concentration after three doses
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of MP13 was 63 jag ml"1. The highest concentration of anti-MP13 IgG achieved by a single 

mouse was 444 pg ml"1, this mouse survived challenge. The highest anti-6B 

polysaccharide IgG concentration from a single mouse was 0.9 pg ml"1, this mouse also 

survived challenge.
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Figure 3 3 1 . The humoral response o f mice immunised with MP10-KLH. The mean (n=30) anti- 

MP10 response (□ )  and the mean (n=10) anti-6B capsular polysaccharide (PnCPS) response (■ ) from 

mice immunised with MP10-KLH. Primary and booster doses are marked on the graph by arrows (see 

§2.7 for more details).

Mice immunised with MP14-KLH elicited a similar immune response to those that 

received MP13 (see Figure 3.32c). Thirteen mice, of the 29 mice investigated gave an 

average (mean) anti-6B polysaccharide IgG concentration of 0.3 pg ml'1 after one dose of 

antigen (TP42). The average (n=29) anti-peptide IgG concentration at the same time point 

was 362 pg ml"1. Both these responses significantly increased over time (P< 0.05, repeated 

measures ANOVA).

Immunisation with MP15, MP17 and MP18 peptide conjugates produced a mean (n=14, 

n=5, and n=5 respectively) anti-6B polysaccharide IgG concentration of 0.1 pg ml"1 or less. 

Of the mice that received MP15, the highest anti-6B polysaccharide IgG concentration 

recorded was 0.2 pg ml"1 (see Figure 3.32d), this mouse survived challenge. The highest 

concentration of anti-MP15 IgG achieved by a single mouse was 2.4 mg ml"1. This mouse
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also survived challenge. Both these increases were shown to be significant (P< 0.05, 

repeated measures ANOVA).

The highest anti-6B polysaccharide IgG concentration recorded from a mouse immunised 

with MP17-KLH was 0.7 pg ml'1 (see Figure 3.32e), this was not shown to be significant 

(P> 0.05, repeated measures ANOVA) and this mouse did not survive challenge. The 

highest concentration of anti-MP17 IgG achieved by a single mouse was 6.6 mg ml'1. This 

is a significant increase (P< 0.05, repeated measures ANOVA) and this mouse did survive 

challenge.

Finally, the highest anti-6B polysaccharide IgG concentration recorded from a mouse 

immunised with MP18-KLH was 0.2 pg ml"1 (see Figure 3.32f). Although this was not 

shown to be a significant increase (P> 0.05, repeated measures ANOVA), this mouse 

survived challenge. The highest concentration of anti-MP 18 IgG achieved by a single 

mouse was 8.5 mg ml'1. This is a significant increase (P< 0.05, repeated measures 

ANOVA) and this mouse also survived challenge.

Figure 3.32 (following page) The humoral response of mice immunised with peptide conjugates 

MP2-KLH, MP13-KLH, MP14-KLH, MP15-KLH, MP17-KLH or MP18-KLH. (A) shows the 

mean (n=10) anti-MP2 response ( □ )  and the mean (n=10) anti-6B capsular polysaccharide (PnCPS) 

response (■ ) from mice immunised with MP2-KLH. (B) shows the mean (n=30) anti-MP 13 response 

( □ )  and the mean (n=14) anti-6B PnCPS response (■ ) from mice immunised with MP13-KLH. (C) 

shows the mean (n=29) anti-MP 14 response (□ )  from mice immunised with MP14-KLH and the 

mean (n=12) anti-6B PnCPS response (■ ) from mice immunised with MP14-KLH (■). (D) shows the 

mean (n=30) anti-MP 15 response ( □ )  and the mean (n=14) anti-6B PnCPS response (■ ) from mice 

immunised with MP15-KLH. (E) shows the mean (n=10) anti-MP 17 response (□ )  and the mean 

(n=10) anti-6B PnCPS response (■ ) from mice immunised with MP17-KLH. (F) shows the mean 

(n=10) anti-MP 18 response (□ )  and the mean (n=5) anti-6B PnCPS response (■ ) from mice 

immunised with MP18-KLH. The IgG concentrations were determined by ELISA. Microtitre plates 

were coated with 5 pg ml'1 the BSA conjugated peptide or 5 pg ml'1 6B PnCPS, 100 pi per well. The 

concentration of antibody at TP0 was used to determine the background level. This value was 

subtracted from the concentrations obtained from the other time points to indicate any increase in 

antibody levels after immunisation. Only those mice that demonstrated an increase in antibody levels 

were used to determine the mean IgG concentration and the error bars represent the standard deviation 

for each time point. Primary and booster doses are marked on the graphs by arrows (see §2.7 for more 

details).
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3.8.5.4 Immunisation with MP10-KLH elicited antibodies with the highest avidity to the 

peptide and the strength of binding correlated to the ability to protect mice against 

pneumococcal disease.

Antibody avidity is a measure of the functional strength of serum antibody to bind to 

antigen. In this study, we compared the avidity of antibodies elicited by immunisation with 

seven peptide mimics of serotype 6B pneumococcal polysaccharide. The serum samples 

were obtained from mice immunised with MP2, MP10, MP13, MP14, MP15, MP17 or 

MP18 conjugated to keyhole limpet haemocyanin (KLH). Microtitre plates were coated 

with the respective BSA conjugated peptide. Sera were then added and bound antibodies 

were treated with a concentration gradient of ammonium thiocyanate (see §2.8.3) to 

dissociate low avidity antibody from the antigen-coated plates. The molar concentration of 

ammonium thiocyanate resulting in 50 % reduction in antigen binding (antibody 

concentration) was termed the avidity.
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Figure 3.33. The average (mean) avidity of binding of anti-peptide specific mouse antibodies to 

MP2-KLH (n=10), MP10-KLH (n=30), MP13-KLH (n=30), MP14-KLH (n=18), MP15-KLH 

(n=30), MP17-KLH (n=10) or MP18-KLH (n=10) by treatment with ammonium thiocyanate.

Serum was obtained from mice immunised with the peptide-conjugate and incubated in microtitre 

plates coated with peptide-BSA. The avidity of binding was determined by the addition of a 

concentration gradient of ammonium thiocyanate to dissociate low avidity antibody from the antigen- 

coated plates. The molar concentration o f ammonium thiocyanate needed to dissociate 50% o f the 

bound antibody was defined as the avidity (□ ). The error bars represent the standard deviation of the 

mean.
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Figure 3.33 showed that mice immunised with MP10 evoked antibody of highest avidity of 

all the 6B mimics. The antibodies generated by immunisation with MP10-KLH bound to 

MP10-BSA with an average avidity of 2.71 M (n=30). The antibodies generated from 

immunisation with MP17-KLH also bound with high avidity to the peptide antigen. The 

average (mean) avidity was 1.93 M (n=10). The average (mean) antibody avidity to 

peptides MP2 (n=10), MP13 (n=30), MP15 (n=30) and MP18 (n=10) were similar at 1.17 

M, 1.15 M, 1.32 M and 1.25 M respectively (see Figure 3.33).

Immunisation with MP14-KLH elicited the lowest mean antibody avidity of all the 6B 

mimics at 0.95 M. All the mice that received MP10-KLH developed antibody avidity 

greater than 1.0 M, whereas only 44 % (8/18) of the mice given MP14-KLH developed 

avidity values in excess of 1.0 M.

As described earlier (§3.6.4.5), previous studies have shown that the avidity of anti- 

pneumococcal capsular antibodies can be related to their ability to confer protection 

against disease (Usinger et al 1999). Mice immunised with MP2-KLH, MP10-KLH, 

MP14-KLH or MP17-KLH that generated antibodies with higher avidity showed an 

extended survival time compared to low-avidity antibody in survival assays. Table 4.5 

shows that there was a positive correlation between a long survival time and high avidity 

antibodies for mice immunised with these peptides. The higher avidity antibodies 

generated from immunisation with MP13, MP15 and MP18 did not correlate with an 

extended survival time.

Table 3.7 shows the correlation coefficients for mice immunised with MP2 (n=10), MP10 

(n=30), MP13 (n=29), MP14 (n=10), MP15 (n=29), MP17 (n=10) and MP18 (n=10). The 

positive correlation coefficients of 0.212, 0.172, 0.075 and 0.073 were observed for MP10, 

MP17, MP14 and MP2, respectively. The mice that produced antibodies that showed high 

avidity to the peptides MP13, MP15 and MP18 did not result an extended survival time.
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Table 3.7 Correlation of mouse survival to antibody avidity

Vaccine Average avidity Correlation with 
survival*

MP2-KLH 1.406 M 0.073

MP10-KLH 2.706 M 0.212

MP13-KLH 1.103 M -0.112

MP14-KLH 0.951 M 0.075

MP15-KLH 1.298 M -0.131

MP17-KLH 1.931 M 0.172

MP18-KLH 1.228 M -0.341

* a table is shown instead o f a graph (as shown in Part A) as the graph was 
unclear due to too many data.

3.8.5.5 Serum antibodies developed from immunisation with peptides MP2-KLH. MP10- 

KLH. MP13-KLH. MP14-KLH. MP17-KLH or MP18-KLH compete for binding of 

serotype 6B pneumococcal polysaccharide and the vaccine antigen equally.

To determine whether anti-peptide antibodies bound to serotype 6B polysaccharide, an 

ELISA was performed (as 3.8.5.3) except the serum was pre-incubated with either purified 

serotype 6B pneumococcal capsular polysaccharide, or Escherichia coli lipopolysaccharide 

(LPS) as a negative control.

Figure 3.34 shows the average (mean) percentage inhibition and standard deviation of 

antibodies to bind to peptides MP2-BSA, MP10-BSA, MP13-BSA, MP14-BSA, MP15- 

BSA, MP17-BSA or MP18-BSA by pre-adsorption to capsular polysaccharide. The display 

of inhibition indicated a mutual recognition of the antibody-binding site by both antigens 

and, therefore, the act of mimicry.

The inhibition recorded by serotype 6B pneumococcal capsular polysaccharide to all these 

peptides (with the exception of MP15) was significantly greater (P< 0.05, T-test) than 

when the serum was pre-absorbed to E. coli LPS (see Figure 3.34). Therefore, the
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inhibition is specific to pneumococcal polysaccharide and MP2-BSA, MP10-BSA, MP13- 

BSA, MP14-BSA, MP17-BSA and MP18-BSA mimic serotype 9V pneumococcal 

polysaccharide. Antibodies generated by immunisation with MP17 displayed the greatest 

average (mean) inhibition at 52 %. The second highest was recorded for MP18 at 37 %, 

and then MP10 at 16 %. Antibodies generated by immunisation with MP2, MP13, MP14 

and MP15 all displayed average (mean) inhibitions below that of MP10 (at 13 %, 11 %, 9 

%, 2 %, respectively)
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Figure 3.34. The average (mean) percentage inhibition o f binding o f anti-peptide specific mouse 

antibodies to MP2-BSA (n=10), MP10-BSA (n=30), MP13-BSA (n=30), MP14-BSA (n=18), MP15- 

BSA (n=30), MP17-BSA (n=10) or MP18-BSA (n=10) following pre-absorption with 6B 

polysaccharide. Serum was obtained from mice immunised with the peptide-conjugate and incubated 

with either 100 pg 6B polysaccharide (□ )  or E. coli lipopolysaccharide (■ ) prior to ELISA. 

Microtitre plates were coated with peptide-BSA to detect the presence o f  anti-peptide antibodies, prior 

to, and following the addition o f polysaccharide. The percentage inhibition was determined from the 

difference in IgG concentrations recorded, divided by the absorbance recorded prior to addition of 

polysaccharide. The error bars represent the standard deviation o f the mean.
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3.8.6 Peptide Toxicity

3.8.6.1 Overview

This section of the thesis describes an investigation that followed an observation made 

during the course of immunisations with peptides MP2, MP14, MP17 and MP18. It was 

noticed that mice immunised with these peptides (conjugated to KLH) developed a severe 

reaction to the immunogen when the booster dose was administered.

To determine whether these adverse reactions were due to anaphylactic shock, we 

investigated the condition and immune response of mice immunised with MP2-KLH or 

with a modified MP2 peptide sequence. The latter peptide was identical to MP2, however 

the glutamic acid and aspartic acid residues were substituted for glutamine and asparagine, 

respectively. The reason for this decision is discussed in §5.5.1.1. The sequence of the 

modified peptide, known as MP2m was NH2  -AEGEFWGPRVIFQNVTVGDPAK -  

COOH (the modified residues are highlighted in boldface). The experiment was 

implemented using eight groups of mice, with each following a slightly different 

immunisation schedule (see §2.8.5 of the materials and methods). The doses received by 

each group and the result of anaphylaxis is recorded in Table 3.8.

Table 3.8 Groups of mice used to investigate peptide toxicity and the outcome of immunisation 

with two doses of antigen

Group 1st dose Treatment T *  dose Anaphylaxis

VI MP2-KLH None MP2-KLH YES

V2 MP2-KLH None
MP2m-

KLH NO

V3
MP2m-

KLH None
MP2m-

KLH NO

V4 MP2-KLH None 6B PnCPS NO

V5 MP2-KLH Passive immunisation with mAb 
Db3G9

MP2-KLH YES

V6 MP2-KLH Orally dosing with cetirizine MP2-KLH YES

V7
MP2m-

KLH None MP2-KLH NO

V8 6B PnCPS None MP2-KLH NO
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3.8.6.2 Mice immunised with two doses of MP2 developed anaphylactic shock

The sera from the mice immunised with MP2-KLH were examined for the development of 

an IgE antibody response, and also for histamine production following injection of the 

second dose. Figure 3.35a shows that immunisation with MP2-KLH not only elicited a 

high IgG response, as was seen in §3.8.5.3, but the production of anti-peptide IgE was also 

provoked. Figure 3.35b shows that directly following the administration of the second dose 

of MP2, the serum histamine levels rise significantly (P< 0.05) compared to mice that 

received two doses of PBS alone. The histamine level was shown to peak at 11.58 nmol 

ml"1 30 minutes after challenge compared to 3.6 nmol ml'1 in mice that received the control 

(PBS) dose. Those mice that survived displayed a significantly raised (P< 0.05) histamine 

level until at least 8 hours after the challenge was administered.

3.8.6.3 Immunisation with two doses of MP2m did not lead to anaphylaxis

To detect whether anaphylaxis resulted from the administration of the modified peptide, 

we looked for an increase in histamine production and a drop in body temperature in mice 

immunised with two doses of MP2m following the same schedule used for MP2. Figure 

3.35 shows that those mice that were administered two doses of MP2 (group VI) presented 

increased histamine level (the highest recorded was 1312 nmol ml"1) and also the lowest 

drop in body temperature (the lowest average difference in body temperature was -4.0°C). 

Those mice that received two doses of MP2m did not produce as much histamine (the 

mean average for groups V2, V3, V4, V7, and V8 was 94 nmol ml'1) and consequently a 

significant difference (P> 0.05) in both histamine level and body temperature was 

recorded. The two graphs appear to mirror each other in their effects, confirming the 

results of the other.

3.8.6.4 Priming mice with mAb Db3G9 or the antihistamine cetirizine did not affect the 

onset of anaphylaxis in mice that received two doses of MP2

Figure 3.36 also shows that mice which received treatment with either the monoclonal 

antibody that selected MP2 from the phage library (group V5), or the antihistamine 

cetirizine (group V6) prior to challenge with a second dose of MP2 still developed diseases 

of anaphylaxis. There was no significant difference (P< 0.05) between the serum histamine 

concentration and difference in body temperatures recorded in mice from groups V5 and 

V6 when compared to VI. The three groups averaged a histamine level of 625 nmol ml'1 

and a -2.8°C decrease in body temperature between them.
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Figure 3.35 (A) The IgG and IgE antibody response in mice immunised with one dose of MP2 following 

the immunisation schedule outlined for MP2V4 in Table 2.7, N=10. (B) The histamine levels in mice 

immunised with MP2 following the injection of a second dose of the peptide. The graph shows that there 

was a significant increase (*) in the amount of histamine produced in mice that received two doses of 

peptide at each time point, compared to mice that recieved the immunisation solution minus the antigen, 

N=5.
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Figure 3.36. (A) The average 

(mean) histamine concentration in 

mice approximately 30 minutes 

after challenge with a second dose 

of antigen. N=5. (B) The average 

(mean) difference in body 

temperature in mice approximately 

30 minutes after receiving a 

second dose of antigen. N=5. See 

Table 3.8 for details of groups. 

Significant differences from group 

VI are shown by an asterix.
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Part C: Mimics of type 18C pneumococcal polysaccharide selected using a human 

mAb

3.10 Selection of mimics of serotype 18C pneumococcal polysaccharide

3.10.1 Section overview

Peptides were selected from three rounds of panning the pVIII-12aa library with 6b53. As 

shown in Table 2.4, alternating panning procedures was used, starting with Dynabeads 

followed by two rounds of Biopanning. This was to eliminate any bias that maybe 

introduced from using a single technique (see §3.7.1 for more detail). Fifteen positive 

clones were identified from screening with mAb 6b53 by colony immunoscreening. 

Individual phage clones were purified by culture as described in §2.5.7. However, due to 

time restraints, no further analysis of these clones was performed.

3.10.2 Immunoscreening

Peptide mimics of type 18C pneumococcal polysaccharide that were selected from the 

pVIII-12aa library were identified by adsorbing phage-infected bacterial colonies to a 

nitrocellulose filter and incubating it with mAb 6b53. Bound antibody complexes were 

detected using a HRP-conjugated secondary antibody.

The purple spots, observed on the filter in Figure 3.37a, represented where the reactive 

colonies had adsorbed to the filter. The 15 colonies selected for further characterisation are 

shown in Figure 3.37b. Those were selected based on the strength of the pigment they 

produced and also the ease of obtaining a pure culture (i.e clearly separate from other 

clones). Further analysis of these clones could not be done within the time scale of this 

thesis.
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Figure 33 7 . (A) shows the positive clones identified by phage infected E. coli colony 

immunoscreening with mAb 6b53. Positive clones are identified by the development of a purple 

pigment where the colony had adsorbed to the nitrocellulose filter. (B) shows the positive clones that 

were picked from the agar and used in subsequent experiments
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CHAPTER FOUR -  THE CLONING OF cps3S AND THE 

EXPRESSION OF TYPE 3 POLYSACCHARIDE IN 

TRANSGENIC PLANTS
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4.0 Chapter Overview

This investigation aimed to reduce the cost of pneumococcal vaccine production by 

developing a transgenic plant capable of manufacturing pneumococcal polysaccharide. 

This chapter will show that we have been successful in completing our aim. Through 

cloning a copy of the type 3 capsule synthase gene (cps3S) into various bacterial and plant 

expression vectors we have shown the expression of the type 3 capsule synthase protein, 

Cps3S, by detecting specific mRNA, and we have detected the production of 

pneumococcal polysaccharide in transgenic plants. A list of all the plasmids made during 

this study was shown in Table 2.10.

4.1 Isolation of Genomic DNA and the PCR of cd s3 S

Genomic DNA from serotype 3 S. pneumoniae (strain WU2) was isolated as described 

(§2.10.1). This is shown in Figure 4.1a. This was used as a template to amplify the cpsSS 

gene by PCR. Two different reactions were performed using Deep VentR DNA 

polymerase, a proof-reading polymerase, in the presence of either the primers CPSFOR 

and CPSREV, or CPSHIS and CPSREV, to amplify a 1330 bp fragment or a 1350 bp 

fragment respectively. The latter would incorporate a histidine-tag to the C-terminal of the 

expressed protein (cps3S-HIS). The reactions were allowed to continue for either 10 or 30 

cycles, a further measure to limit the possibility of incurring errors in the final product. 

Those PCR reactions that were allowed to continue for 30 cycles consistently amplified a 

band of the correct size (-1330 bp). This is visible on lanes 3 (cps3S) and 6 (cps3S-HIS) of 

Figure 4.1b. Those that were allowed to run for 10 cycles (Figure 4.1b lanes 1 and 2, and 4 

- 5) showed an undetectable amount of DNA after agarose gel electrophoresis. However, it 

was assumed that the 10-cycle reaction was successful as it was run simultaneously to the 

30-cycle experiment.
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B  Lane 1 2 3 4 5 6 7

1636bp

1018bp

Figure 4.1 Isolation of genomic DNA and PCR of cps3S. (A) shows two samples of genomic DNA 

extracted from serotype 3 pneumococcus (strain WU2). Both lanes contain extracted genomic 

DNA. The DNA is shown to be intact as there is one high MW band shown and no smearing, 

indicating the DNA was not sheared during extraction. (B) shows the amplified DNA fragments 

from different PCR reactions. Lanes 1-3 correspond to PCR reactions in the presence of CPSFOR 

and CPSREV primers, to obtain a fragment of about 1330 bp. Lane 3 underwent 30 cycles and lanes 

1-2, 10 cycles of the same reaction. Lanes 4-6 correspond to PCR reactions in the presence of CPSHIS 

and CPSREV primers, to obtain a fragment of about 1350 bp. Lane 6 underwent 30 cycles and lanes 4 

and 5, 10 cycles of the same reaction. Lane 7 is the negative control, where no DNA template was 

used in the PCR reaction and no amplified products were observed. A 1Kb ladder (Gibco) was used as 

a molecular size marker in both gels.
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4.2 Cloning cps3S

4.2.1 Cloning into pTOPO

The cps3S gene (-1330 bp) obtained by PCR from the genomic DNA of serotype 3 S. 

pneumoniae (§4.1), was cloned into pCR4-TOPO (3957 bp) and transformed into E. coli 

Topi OF’ cells. Twelve white colonies were selected from LA agar plates containing IPTG, 

X-Gal and ampicillin. DNA was extracted from the colonies by a small-scale preparation 

and the recombinant plasmid DNA (pCMSl) was digested using Kpn I and Pst I, which 

was expected to cut regions flanking the cps3S gene. The gel of this digest is shown Figure

4.2 and the fragments obtained were as expected: Lane 1 contains undigested plasmid 

DNA. Lane 2 shows two DNA fragments of 4 Kbp (pCR4-TOPO) and 1.3 Kbp (cps3S). 

This was because the amplified cps3S gene contained a unique site for Kpn I, which was 

incorporated by the CPSFOR primer during PCR. pTOPO contained a unique site for Pst I, 

which was located 20 bp downstream of the 3’ end of the cps3S gene and derived from the 

pUC18 multiple cloning site. Only one clone was shown to contain both pTOPO and the 

cps3S fragments as shown in Figure 4.2. The plasmid containing the cps3S gene was 

termed pCMSl.

Lane 1 2

Figure 4.2. The digestion products of pCM Sl with

Kpn I and Pst I. The sizes of the DNA fragments 

obtained on the gel confirm the cloning of cps3S into 

pCR4-TOPO. Lane 1 contains uncut pCM Sl. Lane 2 

contains the expect fragments o f -1330 bp (cps3S) and 

3957 bp (pCR4-TOPO). A high concentration of DNA 

is observed as DNA extracted from this gel was used 

for sub-cloning into pCHF2. A 1Kb ladder (Gibco) 

was used as a molecular size marker.

4072bp
3054bp

1636bp 

1018bp
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4.2.2 The nucleotide sequence of the amplified cps3S gene

The DNA sequence of the PCR amplified cps3S gene was determined using pCMSl and 

the commercially available primers T7 and SP6 which sequenced across the MCS of the 

pCR4-TOPO vector, which contained the amplified cps3S PCR product. The sequence 

obtained is shown in Figure 4.4.

The results showed a 1251 bp DNA fragment was amplified from PCR. This is 3 bp longer 

than the reported sequence for cps3S, at 1248 bp (Dillard et al. 1995). When the sequences 

were aligned mismatches in nucleotides only appeared in a region between 667 bp - 704 

bp. The alignment is shown in Figure 4.3.

c p s 3 S : 6 2 9  a a g t a g g g t g c t t a c c t g g t c g a a c a a t t g c t t t t a g a a - a t a t a g t - g g a g a g a g t g t a  6 8 6  

I II I I I II I I II II II I I II II I I I I I I II II I I II I I I I I I I I I I I I I I I I I
P C R  : 6 6 6  a a g t a g g g t g c t t a c c t g g t c g a a c a a t t g c t t t t a g a a c a g a g a t t c t c a g a g a g t g t a  7 2 5

I I I I I I I I I I I II I I I I I I II I I I I I I I I I I I I I I I I I II I I I I I I II II II I II I I I I I
cap3B:  6 2 9  a a g t a g g g t g c t t a c c t g g t c g a a c a a t t g c t t t t a g a a c a g a g a t t c t c a g a g a g t g t a  6 8 8

c p s 3 S : 6 8 7  t a c a - a a g t t t a t a g a a g a g a c t t t c a t g g g a t t t c a t a a g g a a g t t t c t g a t g a t a g a a  7 4 5  

I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I  I I I I I I I I II I I I I I I I I I I 
P C R  : 7 2 6  t a c a t g a g t t t a t g a a t g a g a c t t t c a t g g g a t t t c a t a a g g a a g t t t c t g a t g a t a g a a  7 8 5

I I I I I I I  I I I I I  I I I  I I I  I I I I I I I I I i I I I I  I I I I  I I I I I I I I I I  I I I I I I I I I  I I I I I
ca p 3 B : 6 8 9  t a c a t g a g t t t a t g a a t g a g a c t t t c a t g g g a t t t c a t a a g g a a g t t t c t g a t g a t a g a a  7 4 8

c p s3 S :  7 4 6  g t c t t a c a a a t t t g a c t t t n n n n n n n g g c t a t a a a a c t g t t a t g c a g g a t a c t t c t g t t g  8 0 5  

II I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I
P C R  : 7 8  6 g t c t t a c a a a t t t g a c t t t a a a a a a a g g c t a t a a a a c t g t t a t g c a g g a t a c t t c t g t t g  8 4 5  

I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I 
cap3B:  7 4 9  g t c t t a c a a a t t t g a c t t t a a a a a a a g g c t a t a a a a c t g t t a t g c a g g a t a c t t c t g t t g  8 0 8

c p s 3 S : 8 0 6  t g t a t a c a g a t g c t c c t a c a a g t t g g a a a a a g t t c a t t a g a c a g c a a c t a a g g t g g g c a g  8 6 5  

II I I I I I I I II I I  I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I II I I I 
P C R  : 8 4  6  t g t a t a c a g a t g c t c c t a c a a g t t g g a a a a a g t t c a t t a g a c a g c a a c t a a g g t g g g c a g  9 0 5  

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I II I I I II I I 
cap3B:  8 0 9  t g t a t a c a g a t g c t c c t a c a a g t t g g a a a a a g t t c a t t a g a c a g c a a c t a a g g t g g g c a g  8 6 8

Figure 4.3. Multiple sequence alignment of the nucleotide sequence from a region of the 

serotype 3 Streptococcus pneumoniae capsular synthase gene. The alignment compares the 629 bp

-  868 bp region o f cap3B (Genbank Z47210) (Arrecubieta et al. 1995), the 666 bp -  905 bp region of 

the amplified PCR product (PCR) using primers designed against the cps3S sequence and the 629 bp -  

865bp region o f cps3S (Genbank U15171) (Dillard et al. 1995). The flanking regions of all three 

sequences shared 100 % identity and so are not shown in this diagram.
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To eliminate the possibility that the mismatches were due to mutations introduced during 

PCR, several attempts at amplification were done. The products were ligated into pCR4- 

TOPO (as before) and the clones were sequenced. Also, an additional cps3S primer, 

CPSMID, was constructed to sequence the middle region of the cps3S gene. These results 

confirmed the sequence shown in Figure 4.3.

Variations in the nucleotide sequence of the serotype 3 capsule synthase gene have been 

reported (Arrecubieta et a l 1995; Dillard et a l 1995). The sequences obtained from these 

two studies, cps3S (Dillard et a l 1995) and cap3B (Arrecubieta et a l  1995) were taken 

from two different strains of serotype 3 pneumococci, WU2 and 406, respectively. In this 

study, we amplified the cps3S gene from the genomic DNA of strain WU2 and, therefore, 

expected the sequence to be identical to that of Dillard and colleagues. However, as shown 

in Figure 4.3, when the sequence was aligned to both sequences cps3S (GenBank accession 

number U15171) and cap3B (GenBank accession number Z47210) it displayed 100 % 

identity to the sequence reported by Arrecubieta et a l (1995) and the sequence variation 

from cps3S, reported by Arrecubieta and colleagues was consistent with our findings.

The complete DNA and predicted amino acid sequence of the Cps3S (as a single open 

reading frame) derived from the cloned gene is shown in Figure 4.4. The protein has been 

shown to share significant homology to a number of processive p-glycosyltransferases 

from prokaryotes and eukaryotes (see §1.7.3). These enzymes form polymers composed of 

p( 1 -4) linked repeating disaccharide units and include the cellulose synthases of plants 

(Dillard et a l 1995; Keenleyside and Whitfield 1996; Weigel et a l 1997). Figure 4.4 

shows that the conserved domains of the processive P-glycosyltransferases were 

represented in the cps3S sequence of pCM Sl. These are highlighted in boldface and those 

residues that are indicated by shaded boxes were 100 % conserved between the species 

previously described (Dillard et a l 1995; Keenleyside and Whitfield 1996; Weigel et a l 

1997). All of the conserved residues described were present in our sequence and therefore, 

the protein was expected to function as reported previously (Dillard et a l 1995; 

Keenleyside and Whitfield 1996; Weigel et a l 1997). Consequently it was decided to 

proceed with the further cloning of cps3S.
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1 M Y T F I L M L L D F F Q N H D F H
1 CTGGTACCATGTATACATTTATTTTAATGTTGTTGGATGTATACATTTATTTTAATGTTGTTGGATTTTTTTCAGAATCATGATTTTCAT 

K p n I  * * *

19  F F M L F F V F I L I R W A V I .  Y F H A V R Y K S Y S C S V  
91 TTCTTTATGTTGTTTTTTGTCTTTATTCTTATTCGTTGGGCGGTTATATATTTTCATGCTGTCAGATATAAGTCCTACAGTTGTAGTGTA

49 S D E K L F S S V I I P V V D E P L N L F E S V L N R I S R  
1 81  AGTGATGAGAAGTTATTTAGTTCTGTAATTATCCCTGTCGTGGATGAACCACTTAATCTTTTTGAAAGTGTACTGAATAGAATTTCCAGA

7 9 h k p s e i i v v i n g p k n e r l v k l c h | f n e k l e
27 1  CATAAACCATCCGAAATTATTGTGGTTATTAACGGCCCAAAAAACGAGAGACTTGTAAAACTTTGTCATGATTTTAATGAAAAATTAGAA

1 0 9  N N M T P I Q C Y Y T P V P G K R N A I  L F G L E H V D S Q  
3 61  AATAATATGACTCCAATTCAATGTTATTACACTCCTGTTCCTGGCAAGAGAAATGCTATCCTCTTTGGGCTGGAGCATGTGGATTCGCAG

1 3 9  s d i t v l v J s d t v w t p r t l s e l l k p f v c d k k
451 AGTGATATTACAGTTCTAGTAGATAGTGATACAGTATGGACGCCTAGAACCTTGAGTGAGTTGCTGAAGCCTTTTGTTTGCGATAAAAAA

16 9  I G G V T T R Q K I L D P E R N L V T M F A N L L E E I R A  
5 41  ATAGGTGGGGTAACGACAAGACAAAAAATTCTTGACCCTGAGCGTAATCTCGTGACAATGTTTGCTAACTTGTTAGAGGAAATTAGGGCA

199  E G T M K A M S V T G K V G C L P G R T I A F R T E I L R E  
631 GAAGGAACTATGAAAGCAATGAGTGTGACTGGTAAAGTAGGGTGCTTACCTGGTCGAACAATTGCTTTTAGAACAGAGATTCTCAGAGAG

2 2 9  C I H E F M N E T F M G F H K E V S D g R S L T N L T L K K  
7 21  TGTATACATGAGTTTATGAATGAGACTTTCATGGGATTTCATAAGGAAGTTTCTGATGATAGAAGTCTTACAAATTTGACTTTAAAAAAA

2 5 9  g y k t v m q d t s v v y t J a p t s w k  k f i r q q l  M p t  
811 GGCTATAAAACTGTTATGCAGGATACTTCTGTTGTGTATACAGATGCTCCTACAAGTTGGAAAAAGTTCATTAGACAGCAACTAAGGTGG

28 9 A E G S Q Y N N L K M T P W M I R N A P L M F F I Y F T D M  
901 GCAGAAGGTTCTCAGTATAACAATCTAAAGATGACTCCTTGGATGATTAGAAATGCCCCTCTTATGTTTTTTATTTATTTTACAGATATG

3 1 9  I L P M L L I  S F G V N I F L L K I L N I T T I V Y T A S W  
991. ATTTTACCTATGCTACTTATTAGCTTTGGTGTGAATATATTCCTGTTGAAAATATTAAATATAACTACAATTGTTTATACAGCTTCATGG

34 9 W E I I L Y V L L G M I F S F G G R N F K A M S R M K W Y Y  
1 0 8 1  TGGGAAATTATTTTATATGTTCTTTTGGGAATGATTTTTAGCTTTGGAGGAAGAAACTTTAAAGCTATGTCTAGAATGAAGTGGTATTAT

3 7 9  V F L I P V F I  I V L S I I M C P I R L L G L M R C S D D L  
1171  GTATTTCTTATTCCTGTTTTTATAATCGTTTTGAGTATAATTATGTGCCCTATTAGGCTATTAGGACTTATGAGATGTTCTGATGATTTA

4 0 9  G W G T R N L T E  STOP 
1 2 6 1  GGGTGGGGAACTAGGAATTTAACAGAGTGATGAAAGGGCGAATTCGTTTAAACCTGCAG

*** ECOR I  P s t  I

Figure 4.4. Nucleotide sequence o f the cps3S  gene obtained by PCR and the predicted amino acid sequence of 

the Cps3S protein. Important restriction sites are double underlined. The start and the stop codons are indicated by 

***. The sequence prior to the cps3S start codon derives from the forward primer (CPSFOR) used to clone cps3S into 

pCR4-TOPO. The sequence following the cps3S stop codon derives from the pCR4-TOPO vector. Both sequences 

contain restriction sites that were used for future cloning work. The conserved residues identified in the processive 0- 

glycosyltransferases are indicated in boldface. Residues that are 100 % conserved between the species described are 

indicated by shaded boxes.
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The restriction sites that were used for future cloning work are also shown in Figure 4.4. 

The Kpn I restriction site at the 5’ end of the cps3S gene was introduced by the sense 

primer CPSFOR. Two restriction sites at the 3’ end of the cps3S gene were used for 

cloning into different expression vectors. Pst I was used to clone cps3S into pCHF2 and 

EcoR I was used to clone the gene into pRSET C. Both Pst I and EcoR I sites derived from 

the MCS of pCR4-TOPO.

4.2.3 Sub-cloning cps3S into pCHF2

To analyse the expression and function of the Cps3S protein in planta, the cps3S gene was 

cloned into the plant expression vector, pCHF2. This vector, as described in §2.11.2.1, 

contains, within the T-DNA, a duplicated CaMV35S promoter upstream of the transgene to 

drive strong constitutive expression of the transgene in plant cells. It also has a PR1B 

signal sequence-coding region to direct secretion of the transgene product via the 

endoplasmic reticulum to the apoplast. Also, expression of the spectinomycin resistance 

gene, aadA, allowed selection of transformed bacteria and gentamicin resistance was 

conferred to transformed plants.

The cps3S gene was cut from pCMSl using the restriction enzymes Kpn I and Pst I. The 

unique Kpn I site of pCMSl was 36 bases upstream of the start codon of the cps3S gene. 

The unique Kpn I site of the pCHF2 vector was 864 bp downstream of the 5’ end of the 

35S promoter sequences. This 900 bp difference ensured the promoters, PR1B sequence 

and cps3S were in the same reading frame.

To ensure the cps3S fragment, from pCMSl, (1331 bp) was ligated to pCHF2 in the 

correct orientation, the pCHF2 vector (10218 bp) was also cut with Kpn I and Pst I. The 

cpsiS-containing fragment (1331 bp) was extracted from the agarose-gel (see §2.10.5.1) 

and ligated to the gel-extracted 10.2 Kbp linear, pCHF2 vector fragment carrying the same 

sticky ends. This was performed at a molar ratio of 1:3 (vector:insert). The ligation product 

was transformed into E. coli Topi OF’ by heat shock. Twelve spectinomycin resistant 

colonies were selected from LA agar plates containing spectinomycin and plasmids were 

isolated by a small-scale DNA extraction. To screen for positive clones, plasmid DNA was 

digested with Kpn I and Pst I and analysed on a 1.5 % (w/v) TAE-agarose gel. Four clones 

were shown to contain both pCHF2 and the cps3S DNA fragments following digestion. 

The digested DNA of one of these clones is shown in Figure 4.5.
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The fragments shown in Figure 4.5 are as expected: two DNA fragments, -1330 bp 

containing the cps3S gene and a 10.2Kbp band (lane 2) of the cloning vector. Lane 1 

contains undigested plasmid DNA. The chosen plasmid was named pCMS3 (total size 

11522 bp). Figure 4.6 shows the restriction sites that were used for identification and for 

future cloning work in the pCMS3 plasmid.

Lane  1 2
Figure 4.5. The digested products 

of a single transformed clone 

containing pCMS3 digested with

Kpn I and Pst I. Lane 1 contains 

uncut plasmid and Lane 2 contains 

digested DNA. The sizes of the DNA 

fragments obtained on the gel 

confirm the cloning of cps3S (1331 

bp) into pCHF2 (10.2 Kbp). A 

'k/HinD III ladder was used as a 

molecular size marker.

PR1B

Pst I; EcoR I

HindQ.

< —  ►k —►!
864 bp  1 1331 bp  1

 < ►
2842 bp

Figure 4.6. The cloning site of cps3S into the T-DNA region of the vector pCHF2 to form

pCMS3. A duplicated CaMV35S promoter (35S), PR1B signal sequence and RBCS terminator (from 

the pea) are shown. The restriction endonucleases cutting sites that were used for identification and 

for cloning work are also displayed together with the resulting fragment sizes produced by digestion. 

See Figure 2.7 for a diagram of the complete T-DNA region of the pCHF2 vector.

23,130

9416

6557

4361

2027

564
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4.2.4 Sub-cloning cps3S into pCam bia 2301

The identification of transformed plants by kanamycin selection (expression of the nptll 

gene in pCambia 2301) is technically easier than gentamicin selection (which was 

conferred by transformation with pCMS3). This was thought to be because gentamicin can 

be toxic to plants cells (see §5.9.3.1). For this reason cps3S was also cloned into the plant 

expression vector pCambia 2301.

Both the plant expression vectors used in this study, pCHF2 and pCambia 2301, are 

derived from the pPZP family of Agrobacterium binary vectors (Hajdukiewicz et al. 1994). 

But unlike pCHF2, pCambia 2301 has a gusA gene within the T-DNA region, which 

allows easy analysis of gene function or presence in plants by glucuronidase (GUS) assay 

(see Figure 5.9). However, pCMS3 contained useful tools for the expression of the cps3S 

gene product that were absent in pCambia 2301, including duplicate CaMV35S promoters 

and a PR1B signal sequence (as discussed in §4.2.3). Therefore, the CaMV35S promoters 

and PR1B were also cloned into pCambia 2301.

The number of unique restriction endonuclease sites in both pCambia 2301 and pCMS3 

was limited. To maintain the orientation and reading frames, pCMS3 was digested twice 

with either EcoR I and Kpn I, or Kpn I and HinD III. The products of these digests were 

analysed on a 0.7 % (w/v) TAE-agarose gel. As shown in Figure 4.7, the fragments 

obtained were as expected: Lane 1 contains the 3 expected digested fragments of pCMS3 

using EcoR I and Kpn I. There are two EcoR I restriction sites in pCMS3 (see Figure 4.6); 

the first was present in the MCS of pCHF2, the second site, upstream of the Pst I 

restriction site was introduced from the MCS of pCR4-TOPO. Therefore digestion of 

pCMS3 with EcoR I produced two fragments of 9327 bp and 2195 bp (shown on Figure 

4.7). Kpn I further cut the 2195 bp fragment into two smaller fragments of, 864 bp and 

1331 bp, both of which are shown on Figure 4.7. The 864 bp fragment contained the 

promoters and signal sequence and this fragment was used for cloning into pCHF2.

In Figure 4.7, lane 2 shows the two fragments of pCMS3 produced from digestion with 

Kpn I and HinD III. These restriction sites are single cutters (unique) to pCMS3 and the 2 

fragments obtained were as expected: 1978 bp containing the cps3S gene and terminator 

sequences, and 9544 bp of the linearised plasmid.
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pCambia 2301 vector (11.5 Kbp) was cut with EcoR I and HinD III. Lane 3 shows the 

single band obtained, as expected. Both of these restriction sites are unique to pCambia 

2301 but the smaller fragment (50 bp) produced was undetectable on the gel.

Lane 1 2 3

3000bp-----

1500bp-----

1000bp-----

500bp -----

Figure 4.7. The digested products of three separate restriction digests. Lane 1 shows the expected 

3 fragments of pCMS3 when digested with EcoR I and Kpn I. Lane 2 shows the expected 2 fragments 

produced from the digestion of pCMS3 with Kpn I and HinD III. Lane 3 shows the expected band of 

11.5 Kbp when pCambia 2301 was digested with EcoR I and HinD HI. The DNA fragments of 864bp 

(Lane 1) and 1978bp (Lane 2), indicated by the arrows, were used to reconstruct the pCMS3 T-DNA 

fragment containing cps3S and these were ligated to the 11.5Kb pCambia fragment (Lane 3). This 

plasmid was termed pCMS4. Undigested DNA is not shown. A 1Kb ladder (New England Biolabs) 

was used as a molecular size marker.

The 864 bp and 1978 bp pCMS3 fragments (from lane 1 and 2, (Figure 4.7) respectively), 

indicated by the arrows, were then re-ligated via the Kpn I site and inserted into a cut 

pCambia 2301, which had complementary EcoR I and HinD III sticky ends. The ligation 

product was transformed into E. coli DH5a by electroporation and selected on LA 

containing kanamycin. Twelve kanamycin resistant colonies were screened by colony 

PCR, using the CPSFOR and CPSREV primers (see §2.10.4.2) and were analysed on a 0.7 

% (w/v) TAE-agarose gel. The expected band o f-1330 bp from one clone is shown in lane 

1 of Figure 4.8. Lane 2 is the negative control, where no DNA template was used in the 

PCR reaction and no bands were identified on the gel.
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The DNA from ten colonies produced a 1.3 Kbp PCR product using the CPSFOR and 

CPSREV primers, and plasmids from these colonies were prepared by small-scale 

purification (§2.10.2.1). The extracted DNA was digested with EcoR I and analysed on an 

agarose gel. The gel of one clone is shown in Fig 4.8b. Lane 1 contains un-digested DNA 

and lane 2 contains the 2 expected digested fragments: ~2.2kb and 11.5Kb. Two fragments 

were observed (lane 2) since there are two EcoR I restriction sites present in pCMS3, each 

flanking the T-DNA region. These results confirmed correct construction of the plasmid, 

which was named pCMS4.

A Lane 1 2 B Lane 1 2

3000bp

2000bp
1500bp 2000bp

lOOObp
750bp

lOOObp
500bp

Figure 4.8. (A) The amplified product of cps3S by PCR using pCMS4. Lane 1 shows the amplified 

fragment of -1330 bp from the DNA of a clone containing the pCMS4 plasmid. Lane 2 contains no 

amplified product as no template was used in the reaction. A 1 Kb ladder (Fermentas) was used as a 

marker. (B) The digested products of pCMS4 cut with EcoR I. Lane 1 contains uncut plasmid and 

Lane 2 contains digested DNA. The sizes of the DNA fragments obtained on the gel confirm the 

cloning of cps3S (-2.2 Kbp) into pCambia 2301 (11.5 Kbp). A 1 Kb ladder (NEB) was used as a 

molecular size marker.

The pCMS4 plasmid was prepared by large-scale DNA extraction and cloned into A. 

tumefaciens strain C58 by heat shock. pCMS4 was also cloned into A. rhizogenes strain 

LBA9402 by triparental mating. Transformed A. tumefaciens and A. rhizogenes were 

screened for kanamycin resistance on YEP or YMB agar respectively and by PCR using 

CAMFOR and CAMREV primers. Those kanamycin resistant clones containing the
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pCMS4 plasmid produced an amplified product of 2500 bp (as shown in Figure 4.13b). 

Plant transformations with pCMS4 results are discussed later in §4.3.1.2 and §4.3.2.2

4.2.5 Sub-cloning cps3S into pRSET C

The cps3S gene was inserted into the E. coli expression plasmid pRSET C. As discussed in 

§2.11.2.3, bacterial cell cultures develop faster than whole plant culture and have greater 

homogeneity. Consequently, more cells are in direct contact with the antibiotic selection in 

the culture medium. This is a quicker, cleaner, more sensitive system for analysing protein 

expression.

The synthesis of Cps3S has been reported in E. coli BL21(DE3)pLysS cells (Arrecubieta et 

a l 1996a; Cartee et al. 2001), however high levels are toxic and so the level of expression 

of cps3S was closely regulated.

pRSET C vector contained a strong phage T7 promoter, which controlled expression of the 

transgene. The T7 promoter was regulated by the expression of T7 RNA polymerase, 

which in turn is controlled by a repressor and inhibitor present in E. coli BL21(DE3)pLysS 

cells. The DE3 bacteriophage contained a lac repressor, which repressed expression of T7 

RNA polymerase and the pLysS plasmid, also present, produced T7 lysozyme that bound 

to T7 polymerase to inhibit transcription. Maintenance of the pLysS plasmid was by 

chloramphenicol selection and the addition of IPTG controlled expression of the cps3S 

gene.

pCMS4 was prepared by a large-scale DNA extraction and digested with EcoR I and Kpn I. 

These restriction sites flank the cps3S gene and avoided cloning the CaMV35S promoters 

into pRSET C. These were not wanted because they would drive expression of cpsSS 

independently of the T7 regulators. pRSET C was digested with the same enzymes and the 

two fragments were ligated together. The ligation mixture was then used to transform E. 

coli BL21(DE3)pLysS cells by heat shock. Transformed cells were selected on LA 

containing chloramphenicol and ampicillin (to maintain pRSET C).

The plasmid DNA from 9 independent clones was prepared by small-scale purification. 

Clones containing the correctly constructed pCMS5 plasmid were detected by PCR using 

the pRSET multiple cloning site (MCS)-specific primers: PRSET-REV and T7. The PCR
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results of 5 clones are shown in Figure 4.9. Only one clone was shown to contain the cps3S 

gene (lane 2).

To obtain a PCR product larger than the multiple cloning site of pRSET C (42 bp) the

cps3S gene must have been inserted. Lanes 3 - 6 of Figure 4.9 show that these clones

contain re-ligated pRSET vector, as only a very small fragment (42 bp) was amplified. 

However, the PCR reaction in lane 2 showed an amplified fragment of ~1.3 Kbp and 

therefore, cps3S was present. The plasmid from this clone was named pCMS5.

Lane 1 2 3 4 5 6

4.2.5.1 Growth of bacteria expressing the Cps3S transgene

The growth of E. coli carrying pCMS5 was measured and it was found that 80 minutes 

after induction with IPTG, bacterial growth was significantly (P< 0.05) slowed. This 

implies that either IPTG or the synthesised protein is toxic to some E. coli cells. 

Arrecubieta and colleagues came to a similar conclusion (Arrecubieta et al., 1996) 

although unlike these workers it has been shown here that this is not a permanent situation, 

as after a further 106 minutes (just over two replication cycles) of displaying a significant 

difference (P< 0.05) to the growth of the non-induced culture, the OD began to increase 

notably, to a level not significant from the non-induced cultures (P >0.05). These results 

are shown in Figure 4.10.

2000bp ----
1500bp ----

lOOObp __
750bp —

Figure 4.9. The PCR results for detecting the 

presence of the cps3S gene in pRSET C. Lane 1 

shows the result of a PCR reaction using PRSET- 

REV and T7 (primers specific to read the MCS of 

pRSET C) where no DNA template was used. Lanes 2 

-  6 show the results o f the same PCR reaction when 

small-scale prepared plasmid DNA from clones 

transformed with a pCMS5 ligation mixture. It shows 

one clone contains the cps3S insert (Lane 2) clones in 

lanes 3 - 6 are only transformed with the vector. A 

1Kb ladder (Fermentas) was used as a molecular size
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Figure 4.10. The growth curve o f E. coli BL21(DE3)pLysS pCMS5. The asterix identify time 

points that show a significant difference (P< 0.05) between the growth o f the induced and non- 

induced bacterial cultures.

4.2.6 Cloning cps3S-HIS into pGEM

The DNA encoding a His-tagged Cps3S (-1350 bp) obtained in §4.1, was cloned in 

pGEM-T Easy (3015 bp) and transformed into E. coli DH5a by heat shock. This was 

because the pGEM-T Easy vector is a suitable system for cloning PCR products and many 

useful restriction sites were present in the MCS to permit future cloning into plant 

expression vectors.

Ten colonies were selected from LA agar plates containing ampicillin and plasmids were 

isolated by a small-scale DNA extraction. To screen for positive clones, plasmid DNA 

(pCMS2) was digested with EcoR I and analysed on a 0.7 % (w/v) TAE-agarose gel. The 

two expected bands of 1.35 Kbp and 2.9 Kbp representing the cps3S-HIS gene and 

linearised vector DNA, respectively, are shown in lane 2 of Figure 4.11. Lane 1 is the 

uncut plasmid DNA.

Two bands were expected since there are two EcoR I restriction sites present in the pGEM 

multiple cloning site, into which the ‘His-tagged’ cps3S PCR product (cps3S-HIS) was
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inserted. These results confirmed the correct construction of the plasmid, which was named 

pCMS2.

Lane 1 2

Figure 4.11. The digested products 

of a single clone containing 

pCMS2 cut with EcoR I. Lane 1 

contains uncut plasmid and Lane 2 

contains digested DNA. The sizes of 

the DNA fragments obtained on the 

gel confirm the cloning o f cps3S-HIS 

(1.35 Kbp) into pGEM (2.9 Kbp). A 

1Kb ladder (NEB) was used as a 

molecular size marker.

4.3 Plant transformation

4.3.1 Arabidopsis thaliana

4.3.1.1 pCMS3

pCMS3 was cloned into A. thaliana by Agrobacterium tumefaciens-mediated gene transfer. 

Agrobacterium tumefaciens containing both Tj and the binary pCMS3 plasmids were used 

to infect healthy whole plants by the dipping method in which the plant was submerged 

into a broth of A. tumefaciens pCMS3 (see §2.13.1.1). The Tj plasmid caused the 

mobilisation of the cloned DNA between the T-DNA regions of the pCMS3 vector, which 

contained the cps3S gene and PR IB signal peptide sequence, and the gentamicin resistance 

marker. Both DNA fragments were incorporated into the plant genome. Approximately 

300 seeds were collected from the infected plants and all were plated onto selective 

medium. Shootlings were screened for gentamicin resistance on Murashige-Skoog (MS) 

agar.

Approximately 1/3 of the seeds appeared to be resistant to the antibiotic selection. Fifty of 

the largest and/or greenest shoots were transferred into individual universal tubes 

containing 10 ml of the selective (MS) medium. Transformed plants harbouring the 

pCMS3 plasmid are gentamicin resistant and Agrobacterium strains were sensitive to 

cefotaxime, therefore this selection prevented Agrobacterium contamination. After 1 - 2
206
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weeks, 20 surviving (not displaying signs of chlorosis), uncontaminated shootlings were 

transferred to a small Petri dish containing MS medium supplemented with plant growth 

hormones (see MandM). The auxin and cytokinins added (napthaleneacetic acid (NAA) 

and 6-benzylaminopurine (6-BAP), respectively) stimulated the formation and growth of 

strong shoots and roots.

Fourteen of the 20 plantlets were transferred to soil when they reached 2 - 3 cm in height, 

and roots appeared well developed. After one week a single leaf was removed from each 

plant and the DNA isolated. PCR was performed to detect the presence of the cps3S gene 

and contaminating Agrobacterium, using the extracted DNA as a template. These results 

are not shown, but the gels confirmed that PCR using the cps3S specific primers, CPSFOR 

and CPSREV, amplified a -1330 bp fragment from the extracted DNA from three plants 

(plants 3, 8 and 9). This 1.3 Kb fragment was exactly as predicted and is diagnostic of the 

presence of the cps3S gene, as discussed in §4.1. This was confirmed as the positive 

control, in which pCMS3 was used as a template for PCR also amplified a 1330 bp 

fragment. The gel also showed that this gene was specific to the transformed plant, as no 

bands were amplified from DNA extracted from a wild-type plant.

These results also showed that no Agrobacterium DNA was present in the Plant 9 DNA 

sample as no product was produced by PCR using the Agrobacterium specific primers 

VCF and VCR. These results show that Agrobacterium had been eliminated by the 

cefotaxime selection, since the VCF and VCR primers were designed to detect the virC 

operon located on the Ti plasmid by PCR (Sawada et al. 1995). If  the target DNA was 

present a 730 bp fragment was amplified by PCR. This was shown using the positive 

control of Agrobacterium plasmid DNA. Also the DNA obtained from plants 3 and 8 

amplified a fragment of 730 bp and therefore were contaminated with Agrobacterium. This 

means that the cps3S gene, shown to be present using cps3S specific primers, may not be 

integrated into the plant genome.

Unfortunately all fourteen Arabidopsis plants contracted an unrelated unidentified 

infection while housed in the incubator and were disposed o f prior to setting seed. No 

further investigations could be made with these plants. Due to time shortage no further A. 

thaliana work was done with pCMS3.
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4.3.1.2 nCMS4

The cloning of pCMS4 into A. thaliana by A. tumefaciens mediated gene transfer was 

unsuccessful. Healthy, whole A. thaliana plants were submerged into a broth of A. 

tumefaciens pCMS4 (see §2.13.1.1) and approximately 200 seeds were collected from the 

infected plants. All the seeds were plated onto selective medium and shootlings were 

screened for kanamycin resistance on MS agar (see §2.13.1). However none of the 

shootlings developed substantially. Nearly all showed significant signs of chlorosis and 

died, or became contaminated with fungus and were discarded. This indicated that this 

attempted transformation of A. thaliana with pCMS4 was unsuccessful.

4.3.2 Tobacco

4.3.2.1 p CMS3

The transformation of N. tohacum cv. Samsun plants with pCMS3 by A. tumefaciens 

mediated gene transfer was attempted. However, all the infected leaf discs developed signs 

of chlorosis, despite ranging the gentamicin concentration from 50 pg ml"1 to 250 pg ml"1. 

This was thought to be due to inefficient transformation or antibiotic toxicity (see §5.9.3.1)

4.3.2.2 PCMS4

pCMS4 was cloned into Nicotinia tobacum cv. Samsun by A. tumefaciens mediated gene 

transfer. Agrobacterium tumefaciens containing both Tj and the binary pCMS4 plasmids 

was used to infect freshly cut N. tobacum cv. Samsun leaf discs. The Ti plasmid caused the 

mobilisation of the cloned DNA between the T-DNA borders of the pCMS4 vector, which 

contained the cps3S and PR1B signal peptide sequence, and the kanamycin resistance 

marker (see Figure 2.7). This fragment was incorporated into the plant’s own genome. 

Transformed plants were initially screened for kanamycin resistance on Murashige-Skoog 

(MS) agar (see §2.13.3).

Calluses developed from 270 individual leaf discs after 1 - 2  weeks and 24 were randomly 

selected and subcultured into powder rounds containing MS agar with kanamycin, 

cefotaxime, NAA and 6-BAP to promote shoot and root growth (see §2.13.1.1). 

Transformed plants harbouring the pCMS4 plasmid were kanamycin resistant and 

Agrobacterium strains were sensitive to cefotaxime, therefore the addition of cefotaxime to 

the media prevented Agrobacterium contamination. As can be seen in Figure 4.12, 

plantlets were transferred to soil when they reached about 5 cm in height. At that time it
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was also possible to remove leaves for DNA analysis without hindering plant development. 

Twelve of the 24 plants were replanted and were maintained in soil for 1 - 2 months, or 

until they set seed. A the first filial generation (FI) was grown from the seed of six of these 

plants

Figure 4.12 The growth stages of a parental (P) generation of transgenic Nicotinia tobacum cv. 

Samsun plants harbouring the pCMS4 plasmid. (A) a small callus in a Petri dish grown on MS 

agar containing kanamycin and plant growth hormones. (B) a large callus grown in a powder round 

with the same media as A. (C) shows a plantlet rooted in soil. (D) a larger plant replanted into an 

individual container. (E) a fully grown Tobacco plant just prior to setting seed

DNA was isolated from the leaf tissue of five possible transgenic plants and one wild-type 

plant using the DNeasy Plant Mini Kit (Qiagen) and the presence of the cps3S gene was 

detected by PCR (as described in §2.10.4.4). To eliminate the possibility that the cps3S 

gene was amplified due to the presence of residual Agrobacteriumv.pCMS4, a PCR was 

also performed using primers specific to the virulence region of the Agrobacterium Tj
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plasmid (see §4.3.1) (Sawada et al. 1995). The results of these PCRs are shown in Figure 

4.13.

Figure 4.13a showed that no Agrobacterium DNA was present in the any of the plant DNA 

samples as no product was produced by PCR using the Agrobacterium specific primers 

VCF and VCR (lanes 2 - 6). If the target DNA were present an expected fragment of 730 

bp would be amplified by PCR. This is shown in the positive control (lane 8), which used 

a small-scale preparation of Agrobacterium plasmid DNA as a template for PCR. Lane 1 

shows no PCR product when DNA from a wild-type plant was used as a template. These 

results show that Agrobacterium had been eliminated by the cefotaxime selection.

A
Lane

B
Lane 1

3000

2000
1500

1000
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B M p I l

Figure 4.13. (A) PCR to detect the presence of Agrobacterium  contamination in transgenic 

(pCMS4) and wild type tobacco plants. DNA was extracted from two non-transgenic (Lanes 1 and 

2) and four transgenic Nicotinia tobacum plants carrying the pCMS4 plasmid (Lanes 3 - 6 )  and used 

as a template for PCR using Agrobacterium specific primers. The results show that there was no 

Agrobacterium DNA present the transgenic plant samples. The PCR reaction and Lane 8 contained 

Agrobacterium DNA as a positive control and Lane 7 contained no template. (B) PCR to detect the 

presence of the cps3S gene in transgenic and wild type tobacco plants. DNA was extracted from 

the same six N. tobacum plants used in the PCR shown in A. The DNA was used as a template for 

PCR (Lanes 1 - 6) using cps3S specific primers. The results show the presence of the cps3S gene in 

plants 3 - 6 .  The PCR reaction in Lane 8 contained purified plasmid DNA containing cps3S (pCMS4) 

as a positive control and Lane 7 contained no template DNA. A 1Kb ladder (Fermentas) was used as a 

molecular size marker.
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Figure 4.13b showed that PCR using the cps3S specific primers, CPSFOR and CPSREV, 

amplified -1330 bp fragment from the extracted DNA from four of the five possible 

transgenic plants (lanes 2 - 6). This 1.3 Kb fragment is exactly as predicted and is 

diagnostic to the presence of the cps3S gene. Lane 8 contained the positive control, in 

which pCMS4 was used as a template for PCR. Figure 4.13b also showed that this gene 

was specific to the transformed plants, as this product was not amplified from DNA sample 

extracted from a wild-type plant (lane 1).

The results of both PCRs showed that the cps3S gene was present in the transformed plants 

and that this presence was not due to residual Agrobacterium contamination. Similar 

results were obtained for the first filial generation (FI) of transgenic plants. Five (Plants 1, 

4, 6, 11, 12) of the six plants cultivated to a FI generation showed stable integration and 

inheritance of the transgene by amplification of the cps3S gene by PCR (as before, gel not 

shown as similar to Figure 4.13).

4.3.3 Reverse transcriptase PCR for the detection of cps3S expression in planta

To detect the transcription of the cps3S gene, reverse transcriptase PCR was performed on 

RNA isolated from two Nicotinia tobacum plants; a control wild-type plant (W) and a 

transgenic plant (T) containing the cps3S, see §2.10.4.2. The results of these RT-PCRs are 

shown in Figure 4.14. To eliminate the possibility that the cps3S gene could be amplified 

by the presence of residual DNA, each RNA sample was first subjected to PCR using 

CPSFOR and CPSREV primers (lanes 1 and 2). As expected, no bands were observed 

from these PCRs indicating that the samples were clear of DNA. Lanes 3 and 4 showed the 

PCR results of the same samples following prior treatment with reverse transcriptase. The 

presence of the expected fragment of 1.3 Kbp in lane 4 indicated that the transgenic plant 

contains cps3S specific RNA. However, wild-type plants do not transcribe cps3S specific 

RNA as there was no product present in lane 3. Lane 5 shows the positive control PCR 

results, which used purified pCMS4 DNA as a template. Here the expected fragment of 1.3 

Kbp was also amplified. These results indicate that transgenic plant cells contained and 

produced cps3S specific mRNA.
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Figure 4.14. Reverse transcriptase PCR to detect the presence of mRNA 

from the cps3S gene in transgenic tobacco plants. RNA was extracted from 

two Nicotinia tobacum plants, a control or wild-type plant (Lanes 1 and 3) and a 

transgenic plant shown to contain the cps3S gene (Lanes 2 and 4). The RNA 

extracts were subjected to PCR using cps3S specific primers to detect any 

residual DNA (Lanes 1 and 2), which showed the absence of cps3S DNA. The 

same samples were then incubated with reverse transcriptase prior to PCR 

(Lanes 3 and 4) to convert mRNA to cDNA. This shows the presence of cps3S 

specific RNA from the transgenic plant (Lane 4), but not in the wild-type plant 

(Lane 3). Lane 5 contained purified plasmid DNA containing cps3S (pCMS4) 

that was subjected to PCR as before. A 1Kb ladder (NEB) was used as a 

molecular size marker.
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4.3.4 Detecting pneumococcal polysaccharide production in planta

An Ouchterlony double immuno-diffusion, performed on sonicated transgenic plant tissue 

extracts, indicated the presence of type 3 specific polysaccharide.

Leaf tissue from both wild type and transgenic plants was crushed under liquid nitrogen 

and sonicated in water as described in §2.15.1.1. After centrifugation, the supernatant was 

added to each of the outer wells (wells 1 - 6 )  shown in Figure 4.15. Neat type 3 

polysaccharide specific antiserum (Statens Serum Institute) was added to the central well 

(well A) and the slide was incubated at 4°C for at three days. Wells were refilled with plant 

extract when the previous sample had absorbed into the agar.

Type 3 specific antigen and antibody molecules migrated through the agar to bind together 

and form an antibody-antigen complex. This complex precipitated to form a band between 

the wells from which both molecules originated. This is observed between Wells 1 and A 

(Figure 4.15). These wells contain purified type 3 pneumococcal polysaccharide (ATCC) 

and type 3 polysaccharide specific antiserum. This is the positive control and the band 

indicated that the antiserum recognised and bound to type 3 polysaccharide under these 

conditions. However, it resembles more of a smear than a clear band due to the refilling of 

the well with pneumococcal polysaccharide throughout the incubation period. Although, it 

is not very clear on the Figure, this caused antibody-antigen complexes to precipitate at 

more than one location in the agar, as on close inspection the smear was actually a series of 

distinct bands. The addition of a single quantity (10 pg) of pneumococcal polysaccharide 

was done in future experiments.

As seen in Figure 4.15, bands of antigen antibody complex have also precipitated between 

well A and wells 2 and 3. Wells 2 and 3 contained sonicated plant cell extract from 

transgenic plants 1 and 2, respectively. This showed that these plants are producing type 3 

pneumococcal polysaccharide. In contrast to the other results, no band of precipitation was 

observed from plants 3 - 5  (wells 3 - 5), therefore type 3 polysaccharide was not detected. 

This was also the case for the wild-type plant (well 6), where also no precipitation was 

observed. Therefore the wild-type plant does not produce an antigen that reacts with type 3 

antiserum.
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These results showed that the production of type 3 polysaccharide was specific to plants 

that contain the cps3S gene, although not all transgenic plants are capable of production. 

This will be considered in the diagram.

Figure 4.15. Ouchterlony immuno-double diffusion. Well 1 contained a total of 30 pg 

purified serotype 3 pneumococcal polysaccharide, wells 2 - 5  contained sonicated plant cell 

extract from tobacco plants shown to contain the cps3S gene. Well 6 contained sonicated plant 

cell extract from a wild-type, non-transgenic tobacco plant. Well A contained type 3 

polysaccharide specific antiserum (Statens Serum Institute). Bands of antigen antibody 

complex precipitated between well A and wells 1, 2 and 3 (as indicated by the arrows). This 

showed that the antiserum bound to type 3 polysaccharide (well 1) under these conditions and 

that the plant extract from plants 1 and 2 (wells 2 and 3 respectively) contained type 3 

pneumococcal polysaccharide. This is unlike the plant extracts of the transgenic plants 3 and 4 

(wells 4 and 5 respectively) or the wild type plant (well 6) where no band o f precipitation was 

observed. This indicated that these plants did not produce type 3 pneumococcal polysaccharide 

whereas plants 1 and 2 did.

The five plants that were shown to have stably integrated the cps3S gene into their genome 

(plants 1, 4, 6, 11, 12) were also shown to synthesise type 3 polysaccharide, but at different 

levels.
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4.3.5 Refining the extraction of pneumococcal polysaccharide from plant tissue

As Table 4.1 shows, several methods were used to extract the type 3 specific 

pneumococcal polysaccharide from plant tissue. To determine the method that was most 

effective, the concentration of pneumococcal polysaccharide was estimated based on the 

amount of precipitate formed in ouchterlony immuno diffusion (see §4.3.5). We showed 

that the highest concentration of pneumococcal polysaccharide (~4 pg g '1 plant tissue -  

based on comparison to the precipitated band of 10 pg pneumococcal polysaccharide in 

Ouchterlony (§4.3.5)) was obtained after grinding plant tissue under liquid nitrogen, 

suspension in water (and homogenisation) and then lysing the cells by sonication (see 

§2.15.1.1). The concentration of pneumococcal polysaccharide could be further increased 

by precipitation with acetone and resuspension in a smaller volume of water. It was 

difficult to determine whether pneumococcal polysaccharide could be precipitated with 

ethanol, since the dried pellet was difficult to redissolve. Homogenisation did not yield as 

much polysaccharide as sonication. Cell lysis by sonication in 3M NaOH also led to the 

extraction of pneumococcal polysaccharide, but at a lower concentration than water. 

Sonication in 6M NaOH resulted in the extraction of even less pneumococcal 

polysaccharide. Interestingly, for both 3M and 6M NaOH extractions, when the 

hemicelluloses were precipitated by neutralisation with acetic acid, as described by Fry 

(1988), type 3 pneumococcal polysaccharide was detected in both the precipitate and the 

neutralised supernatant. It was thought that this method would offer a significant 

advantages over water extraction since type 3 pneumococcal polysaccharide is composed 

of some of the sugars that form the hemicelluloses of the plant and these are preferentially 

extracted by solubilisation in sodium hydroxide (Fry 1988). This is discussed further in 

§5.9.3.3.
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Table 4.1 The extraction of pneumococcal polysaccharide from plant tissue

Details o f extraction technique0
Concentration o f  polysaccharide 

relative to control

Crude extraction by sonication in water ++

Crude extraction by sonication in water and
++

precipitation with acetone

Crude extraction by sonication in water and

precipitation with ethanol

Crude extraction by sonication in 3M NaOH +

Crude extraction by sonication in 3M NaOH and

precipitation with acetic acid (supernatant)

Crude extraction by sonication in 3M NaOH and

precipitation with acetic acid (precipitate)

Crude extraction by sonication in 6M NaOH +/-

Crude extraction by sonication in 6M NaOH and
+/-

precipitation with acetic acid

Homogenisation in 3M or 6M NaOH +/-

Homogenisation in water -

Extraction of apoplastic fluic -

Any method that involves heating the tissue above 60°C -

aAll samples were made up to 0.5 mg ml'1 dry weight plant tissue. b The grading ranged from (++++), which 

was equivalent to positive control (10 pg); to the lowest value (-), which means no type 3 polysaccharide was 

detected.
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5.0 Overview

This study set out to develop new strategies for the manufacture and composition of 

pneumococcal polysaccharide vaccines. This was because, despite the existence of three 

widely available commercial vaccines, diseases caused by S. pneumoniae remain a major 

cause of morbidity and mortality throughout the world, in particular among infants and the 

elderly (Kolberg and Jones 1998). Immunisation is considered to be an effective approach 

to reduce the incidence of pneumococcal disease (Andrew et al. 1994) and opsonisation of 

the polysaccharide capsule with type-specific antibody has been described as the most 

effective host defence against S. pneumoniae (see §1.2.2) (Lee et al. 1996).

The first pneumococcal vaccines introduced for use in humans were composed of capsular 

polysaccharide, which is a T-independent type 2 (TI-2) antigen. As described previously 

(§1.4.2.3), TI-2 antigens characteristically fail to stimulate a protective immune response 

in the most high-risk groups of pneumococcal disease, the elderly and in infants. This 

failure is partly due to their inability to promote class switching of the antibody isotype in 

B cells. This results in a predominantly IgM response, which does not promote immune 

memory and is not long-lasting (Klein 2000). In addition, TI antigens only activate mature 

B cells (Eales 1997) and infants, with a repertoire of immature B cells, are further 

restricted in their ability to efficiently raise an antibody response to polysaccharide 

antigens. Recently, many studies have offset these effects by conjugating the 

polysaccharide to a carrier protein, such as diptheria toxoid. However, the quality control 

issues and need for multiple conjugations (see §1.4.4) make this an expensive approach: 

the current 7-valent pneumococcal conjugate vaccine (PCV7) costs £49 per dose 

(McIntosh et al. 2003) and 3 doses are required to obtain complete protection. 

Furthermore, PCV7 has led to a reduced vaccine coverage, from 23 serotypes to 7, an issue 

which is thought to increase the opportunity for non-vaccine serotypes to emerge as the 

most prominent disease causing serotypes (Mbelle et al. 1999).

In this study two of the main problems associated with current pneumococcal vaccines 

were confronted. These were the poor immunogenicity of capsular polysaccharide and the 

high vaccine manufacturing costs. Firstly, the problem of immunogenicity was tackled by 

identifying peptide mimics of two pneumococcal serotypes, 6B and 9V, which were 

capable of protecting mice against developing pneumococcal disease upon immunisation.
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These results were presented in chapter three and will be discussed in part A of this 

chapter. Secondly, the problem of high vaccine production costs was confronted by 

developing a transgenic plant capable of manufacturing pneumococcal polysaccharide. The 

outcome of this project was presented in chapter four and will be discussed in the second 

part of this chapter.

Part A; Peptide Mimicry

5.1 To recapitulate

To circumvent the problems associated with the TI property of a large polysaccharide, we 

have identified peptides that mimicked protective epitopes of serotype 6B and 9V 

pneumococcal capsular polysaccharide using phage display technology. Alternative 

methods of selection existed (see §1.5.1), all of which applied the same basic principle of 

molecular mimicry: an antibody raised against a specific epitope can be used to select a 

mimic of that epitope from a collection (library) of different molecular shapes. However, 

the majority of successful examples in the literature had been obtained using recombinant 

phage displayed peptide libraries. These examples included peptide mimics of a variety of 

bacterial carbohydrate epitopes including Shigella flexneri LPS (Phalipon et al. 1997) 

Group B streptococcal capsular polysaccharide (Pincus et al. 1998), Brucella abortus LPS 

(De Bolle et al. 1999) (see §1.5.2.4). This study has used the same technology to identify 

peptide mimics of both serotype 6B and 9V S. pneumoniae capsular polysaccharide and, 

furthermore, we have shown that immunisation with peptide mimics induced a protective 

immune response.

5.2 Summary and discussion of results

5.2.1 The identification of peptide mimics of serotype 6B and 9V pneumococcal 

polysaccharide

In total four peptide mimics of serotype 9V pneumococcal polysaccharide and seven 

mimics of serotype 6B pneumococcal polysaccharide were identified. These were selected 

from three different phage displayed peptide libraries, which displayed peptides of 

different lengths fused to the pVIII phage coat protein (pVIII-12aa, pVIII-12aa.Cys, and 

pVIII-15aa), using either a murine mAh (206,F-5) or a human mAb (Db3G9) (see Table 

2.4). Prior to phage panning, these mAbs had been shown to protect against the
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development of pneumococcal disease upon challenge (§3.3). This was to ensure the 

selected peptides mimicked protective epitopes on the surface o f the pneumococcus. This 

result was confirmed by a competition ELISA between the phage displayed peptide and the 

native antigen. This showed that the mAbs 206,F-5 and Db3G9 could be inhibited from 

binding to the peptides they selected by pre-incubation with pneumococcal polysaccharide. 

This indicated that the peptide and native polysaccharide antigen occupied the same 

antibody-binding site of the mAb.

5.2.2 All the selected peptides were mimics of pneumococcal capsular polysaccharide

Ten of the eleven peptides selected from phage display libraries were shown to exhibit 

polysaccharide mimicry properties (excluding MP58) (§3.5 and 3.7). Also, not only did all 

the peptide mimics stimulate a high anti-peptide IgG antibody response upon 

immunisation, which was shown to be boosted upon further doses of antigen (up to a 

maximum of 54.6 mg ml'1 after three doses), they also stimulated the production of 

antibodies that bound to pneumococcal capsular polysaccharide (except mice immunised 

with MP55), although some levels were very low in comparison to the anti-peptide 

response (see Table 5.1). Similar results have been previously reported with non- 

pneumococcal polysaccharides (Phalipon et al. 1997; De Bolle et al. 1999; Moe et al. 

1999). Phalipon and colleagues isolated a total of 19 peptide mimics o f Shigella flexneri 

LPS using a phage-display library. They noted that mice immunised with four phage borne 

peptide mimics produced anti-LPS antibodies, but on average the titre was 100-fold less 

than the anti-phage titre (Phalipon et al. 1997). De Bolle and colleagues (1999) and Moe 

and colleagues (1999) isolated peptide mimics of Brucella sp. and N. meningitidis group B 

polysaccharide, respectively, which elicited only very weak antibacterial responses upon 

immunisation.

To confirm that the anti-polysaccharide response we recorded was a result of immunisation 

and not a non-specific immune response, the post-immunisation antibody concentrations 

was subtracted from that found in the pre-immune sera. A competition ELISA was also 

done to support these findings. These two assays vary in the manner the polysaccharide is 

presented to the antibody; in a direct ELISA the polysaccharide antigen is attached to a 

solid surface, whereas in a competition ELISA it is free in solution. The competition 

ELISA results showed that pre-incubation with type specific pneumococcal polysaccharide 

competitively inhibited the antibodies binding to all the peptide mimics with the exception
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of MP15 and MP58. This could mean that some peptide-induced antibodies bind 

pneumococcal polysaccharide preferentially under certain conditions. For example, the 

antigen recognised by the predominant antibodies maybe more available for binding when 

the polysaccharide is free in solution. This is one limitation of this study and will be 

discussed in more detail later (§5.6). This may explain the difference between the 

outcomes of the two assays given that MP55-induced serum did not bind polysaccharide 

directly, but could be inhibited from binding to the peptide following pre-incubation with 

polysaccharide. This implied that some peptides only partially mimicked the 

polysaccharide epitopes. Polysaccharides are large, complex structures, therefore it was 

not thought that a peptide that mimicked the entire structure would be identified. However, 

it was important to determine whether the peptide represented the epitope recognised by 

the mAb, in that it bound the entire antigen-binding site. To investigate this, phage libraries 

displaying longer peptides could be screened (Phalipon et al. 1997). We only selected one 

peptide mimic (MP58) from a library longer than 12 amino acids, but this was not shown 

to be protective. Another approach, which maybe more interesting, would be to see 

whether the immunogenicity of the current peptides could be improved by including motifs 

from those peptides shown to either protect against pneumococcal disease, or stimulate a 

good anti-polysaccharide response in mice. The number of amino acid residues does not 

need to be large for a peptide to have significant biological activity (Atkins and Carey 

2001). For example, leucine encephalin (a component of endorphins, which act as pain 

killers) is a pentapeptide (Atkins and Carey 2001). Nevertheless, the addition of just a few 

residues may improve the ability of peptide-induced antibodies to recognise pneumococcal 

polysaccharide given that it is a large structure.

5.2.3 MP7 is a’ true mimic’ of serotype 9V pneumococcal polysaccharide

A ‘true mimic’ is thought to be capable of binding native antigen specific antibodies 

produced in a variety of species (Grothaus et al. 2000). Therefore, we investigated whether 

sera obtained from three human volunteers immunised with pneumococcal polysaccharide 

could bind the peptide mimic MP7. The peptide was recognised and bound to each of the 

sera (§3.5.4). Furthermore, we showed that this binding was specific to a pneumococcal 

polysaccharide mimic, since binding could be inhibited via prior incubation with 9V 

polysaccharide. In particular, those individuals immunised with the polysaccharide 

conjugate vaccine were inhibited more than 25 %. These results indicated that MP7 could 

possibly be used as a human vaccine against serotype 9V pneumococcal disease.
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Table 5.2 A summary of the anti-peptide and anti-polysaccharide IgG antibody response, the avidity and survival rates of mice immunised with peptide 

mimics of two pneumococcal serotypes selected from different phage-displayed peptide libraries.

Vaccine Phage library Averagea total after 3 doses o f antigen Averagea 
avidity 

[NH4SCN]

Survival/Total
panned anti- peptide 

antibody
anti- polysaccharide 

antibody
(% )

MP7-KLH pVIII-12aa 603.3 pg ml'1 219 pg ml'1 1.567 M 12/20 (60 %)

i 
^  & MP12-KLH pVIII-12aa 12.4 mg ml'1 0.6 pg ml'1 0.969 M 8/20 (40 %)
S O> u  a
w 1 MP55-KLH pVIII-12aa.Cys 54.6 mg ml'1 - 1.827 M 5/18 (28 %)

a2 MP58-KLH pVIII-15aa 12.45 mg ml'1 1.0 pg ml'1 1.289 M 9/19 (47 %)

MP2-KLHb pVIII-12aa 241.8 pg ml'1 309.9 pg ml'1 1.406 M 7/10(70% )

w
MP10-KLH pVIII-12aa 2.8 mg ml'1 36.5 pg ml*1 2.706 M 8/25 (32 %)

MP13-KLH p VIII-12aa 62.7 pg ml'1 0.2 pg ml'1 1.103 M 17/30 (56 %)

® 8  5\o U  2 MP14-KLHb pVIII-12aa 362.6 pg ml"1 0.3 pg ml'1 0.951 M 5/10(50% )

>
O

MP15-KLH pVIII-12aa 742.9 pg ml'1 0.1 pgm l'1 1.298 M 4/11 (36% )

CUt
MP17-KLHb pVTII-12aa 96.5 pg ml'1 0.3 pg ml'1 1.931 M 2/10 (20 %)

MP18-KLHb pVIII-12aa 3.9 mg ml'1 0.1 pgm l'1 1.228 M 4/10 (40 %)

a mean value (n values range from 2 - 30). See chapter three for more details 

b after one dose o f antigen



Discussion -  Part A

As a matter of interest, we also looked at whether the peptide mimics of serotype 6B 

pneumococcal polysaccharide could bind to another 6B PnCPS specific human mAb, 

DM5. All seven peptide mimics selected from the phage libraries by mAb Db3G9 also 

bound to DM5, in particular peptides MP2 and MP14 significantly reacted to both mAbs 

(see Results §3.7.3). This was suprising since these mAbs were formed with totally 

different V region gene families (Baxendale et al. 2000), and their complementarily- 

determining regions were found to be quite distinct when the DNA sequences of the Vl 

and Vh regions of the two mAbs were determined (H. Baxendale, personal 

communication). Shin and colleagues also described this phenomenon by identifying 

peptide mimotopes of serotype 6B pneumococcal polysaccharide that cross-reacted with a 

mAb raised to Neisseria meningitidis group B polysaccharide (Shin et al. 2002). This 

ability to cross react with other anti-polysaccharide antibodies could be due to the peptides 

mimicking a common epitope of polysaccharide antigens. However, the most likely 

explanation relates to the stability of the peptide mimotope. If the structure is unstable it 

may express multiple conformations which, over time, can rapidly switch from one 

conformation to another (Shin et al. 2002). Through NMR studies Shin and colleagues 

showed that a mimotope possessing two proline residues can slowly (in 10 - 100 seconds) 

switch between cis and trans conformations (see Figure 5.1), although one conformation 

was preferred over the other (Shin et al. 2002). This means that in certain environments, 

for example in ELISA or in vivo, the shape of the peptide could be different. This could 

explain why some mice in our study were protected against infection despite not being 

shown to develop a significant antibody response in ELISA (this is discussed further in

Another theory is that the stable peptide may express more than one epitope. Shin and 

colleagues (2002) identified a circular mimotope that expressed more than one epitope, one 

on the topside that could bind one mAb and another on the bottom that may bind another 

(Shin et al. 2002).

§5.6.2).

Figure 5.1. cis and trans proline structures.

Taken from Stryer (1995)
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Interestingly, when we compared the results of the competitive ELISAs inhibition of 

Db3G9, a different conclusion was made. We found that the mAb Db3G9 was almost 

entirely inhibited from binding the peptide MP2 when preincubated with serotype 6B 

pneumococcal polysaccharide. However, the mAb DM5 did not display any sign of 

inhibtion. This was also observed for peptides MP10 and MP15, both of which 

demonstrated a lower percentage inhibition to DM5 than to Db3G9. In contrast, the 

binding of DM5 to peptides MP17 and MP18 displayed a greater inhibition than Db3G9. 

These results indicated that although both mAbs recognised and bound to the peptide 

mimics, they are in fact binding to different epitopes within the sequence. If they 

recognised the same epitopes then they would be equally inhibited.

5.2.4 Two peptides protected mice against serotype 6B and 9V pneumococcal disease 

following immunisation with mimics of capsular polysaccharide

The peptide mimics MP7 (a serotype 9V PnCPS mimic) and MP13 (a 6B mimic) were 

shown to significantly protect mice against pneumococcal disease. A summary of the 

survival results from mice challenged after immunisations with eleven peptide mimics is 

shown in Table 5.1. The most significant result came from mice immunised with peptide 

MP7. Sixty percent of these mice survived challenge with serotype 9V pneumococci, 

compared to 38 % of the control group. Another exciting result came from mice 

immunised with MP13. Following challenge with serotype 6B pneumococci, 56 % of these 

mice survived, which was significantly higher than the 20 % that survived in the control 

group.

Furthermore, mice immunised with MP2-KLH produced the highest percent survival of all 

the peptide mimics (70 %), despite these mice only receiving one dose of antigen. Only a 

single dose was given because of the toxicity observed following the administration of a 

booster dose (see §5.5.1.1), yet the anti-polysaccharide antibody concentration it elicited 

was the highest of all the peptide mimics at 309.9 pg ml-1.

These results demonstrated that recognition by the mAb (through binding) alone was not a 

guarantee the peptide mimic would successfully elicit the desired immune response. As 

stated in §5.2.1, all the peptides bound the mAb that selected them, but only 5 were shown 

to produce > 0.5 pg ml'1 anti-polysaccharide antibody in immunised mice (see Table 5.1 

and §5.2.6). Similar results have been reported before (Harris et al. 2000). Harris and
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colleagues found that a peptide mimic of phosphorylcholine induced IgGl antibodies 

directed against the native antigen, but this did not confer protection against type 3 

pneumococcal disease (Harris et al. 2000). Therefore, before concluding a peptide was a 

mimic, it was important to perform as much analysis of the immune response as possible. 

The results from these analyses are discussed in the following sections.

5.2.5 Immunisation with pneumococcal peptide mimics induced the production of 

anti-polysaccharide antibodies

The results presented in §3.6.4 and §3.8.5.3 showed that mice immunised with peptide 

mimics of pneumococcal polysaccharide elicited an immune response that directly bound 

pneumococcal polysaccharide (with the exception of MP55). We also detected cross

reactive antibody by competition ELISA (with the exception of MP15 and MP58) (see 

§5.2.2).

Immunisation with ten (out of the total eleven) peptide mimics stimulated the production 

of antibodies that bound pneumococcal polysaccharide by one or more of the methods 

described above, although in some cases this response was quite low. If we consider the 

peptides that stimulated a protective immune response, mice immunised with MP7 

produced on average 219 pg ml'1 anti-polysaccharide IgG antibody, whereas mice 

immunised with MP13 produced on average 0.2 pg ml'1. Although the latter is 

significantly lower than the former, various sources have cited protective antibody 

concentrations much lower, from >500 - 150 ng ml'1 (Mufson et al. 1987; Furth et al. 

1996; Raby et al. 1996; Lahiri and Waltz 2001). It has also been calculated to be as low as 

10 ng ml (Wood 2001). Despite this, not all the peptides that stimulated an antibody 

concentration greater than 150 ng ml'1, protected mice from pneumococcal disease (see 

Table 5.1). For example, immunisation with MP10 produced an average anti

polysaccharide antibody concentration of 36.5 pg ml'1, yet only 32 % of mice survived 

challenge. This result could also be due to the nature of the assay. The antibody 

concentration recorded by direct ELISA referred to the total anti-polysaccharide IgG 

present in mouse sera. This was because, as a whole, the presence of IgG antibodies 

demonstrated the ability of the peptide to stimulate a lasting immune response and the 

potential for protection against pneumococcal challenge. IgG antibodies (in particular 

IgG2) have a long half life (21 days), are known to promote immunological memory, 

stimulate complement and bind to macrophages and neutrophils to promote bacterial
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phagocytosis (Janeway et al. 1999). To investigate these results further another method to 

assess of the protective efficacy of the antibody response was needed. The measurement of 

antibody avidity, the use of opsonophagocytosis assays and fluorescent labelling of 

bacteria will now be discussed.

5.2.6 Opsonophagocytosis and antibody avidity assays

The opsonophagocytosis assay has been regarded as the most noteworthy method for 

measuring the functional response to pneumococcal vaccines (Concepcion and Frasch 

2001). This assay quantitates the ability of antibody to opsonise and stimulate the 

phagocytosis of pneumococci. By incubating the antibody with the bacterium, complement 

and phagocytic cells, such as HL-60 myelomonocytic cells (Usinger and Lucas 1999), the 

ability of the antibody to bind pneumococci and stimulate phagocytosis can be quantitated 

by the decline in the number of viable bacteria (cfu ml'1). This method is thought to be 

more attractive than other measures of in vitro protective immunity because it more closely 

resemble the mechanism of natural immunity, and it does not require the use of animal 

models (Wenger et al. 1996). However, it can be labour-intensive and difficult to perform 

with large numbers of samples. Thus, many laboratories prefer to measure antibody avidity 

(Concepcion and Frasch 2001).

Antibody avidity is a measurement of the strength with which an antibody binds to an 

antigen. This is thought to increase over time following encounter with an antigen. 

Memory responses are characterised by the production of high-avidity antibody; thus, high 

avidity could be considered as a sign of successful priming (Goldblatt et al. 1998). It is 

thought that the ability of anti-pneumococcal capsular antibodies to confer protection 

against disease can be related to the strength of the bond they form with the antigen 

(avidity) (Usinger and Lucas 1999). Because of time restraints and that our lab was not 

well equipped to perform opsonophagocytosis assays, we attempted to measure the avidity 

of mouse antibodies to capsular polysaccharide in ELISA. However, after several attempts, 

which achieved varied results, the assay was deemed irreproducible. These differences 

may have been due to the conditions of the ELISA. For example, the concentration of 

antibody may not have been high enough to calculate a decrease in binding. Partidos 

(2000) commented that anti-peptide antibodies normally bind with high avidity to the 

homologous peptide and only weakly to the native protein they mimic. For these reasons, 

we decided to measure the avidity of mouse antibodies to the peptide mimics.
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We found that those mice that produced high avidity antibody from immunisation with 

peptides MP2, MP10, MP12, MP14, MP17 and MP55 displayed a prolonged survival time. 

This was in agreement with previous findings (Usinger and Lucas 1999). However, the 

mice that produced high avidity antibodies to peptides MP13, MP15, MP18 and MP58 did 

not display a prolonged survival time (we could not calculate a correlation for MP7 as 

there were not enough sera available). This was not thought to be a result o f the stimulation 

of specific antibody subclasses, as was the case with the direct ELISA, but instead due to 

the presence of several antibody binding sites (as a result of a polyclonal response), which 

exhibited differential abilities to bind capsular polysaccharide (Usinger and Lucas 1999). 

Therefore some antibodies would recognise and bind to pneumococcal polysaccharide 

better than others. Finding a method to improve the avidity of antibodies generated from 

peptide immunisation would pose a significant advantage to peptide mimotope research. 

This is especially important in vivo when antibody concentrations are limiting. For 

example, in infants which possess naive repertoires of B cells, or at times when antibody 

levels have declined over time after immunisation (Usinger and Lucas 1999). Furthermore, 

the avidity of an antibody displayed on B-cells is thought to influence which clones are 

activated and assume prominence during the response to infection (Usinger and Lucas 

1999). Therefore, avidity could be a factor in deciding which clones enter the memory pool 

(Usinger and Lucas 1999). Approaches to improving the avidity of peptide mimotopes are 

discussed further in §5.5.

5.2.7 Anti-peptide antibodies opsonised pneumococci

Phalipon and colleagues showed that antibodies raised by immunisation with phage 

displayed mimics of Shigella flexneri LPS could bind and coat the bacterium directly 

(Phalipon et al. 1997). This is a useful technique to confirm the opsonic potential of 

peptide-induced antibodies. We proved this principle could also be applied to mimics of 

pneumococcal polysaccharide by labelling serotype 9V pneumococci with antibodies 

raised from immunisation with MP7. As expected, S. pneumoniae serotype 9V were 

recognised by MP7-KLH induced antibodies but not with the control (KLH) induced 

antibodies. These findings suggested that the peptide mimic-induced antibodies were 

capable of interacting with the pathogen in an in vivo situation and could neutralise 

pneumococcal infection.
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5.3 Analysis of the peptide sequences

To further understand the concept of peptide mimicry, I believe it is just as valuable to 

consider the non-protective peptide mimics as those that induced a protective immune 

reponse. Previous studies have identified peptide mimics to polysaccharide antigens that 

were not shown to be successful immunogens (Phalipon et a l 1997; Mertens et a l 2001). 

We propose that this is not the end to the investigation of these peptides. For example 

certain sequence motifs associated with inducing a higher immune response and/or high 

avidity antibody to pneumococcal polysaccharide could be revealed by identifying 

consensus sequences amongst the peptides. Then, the outcome of immunisation could be 

improved by substituting these residues into the peptides that did not stimulate a high 

antibody response.

The first stage of this analysis was to determine whether the presence of particular residues 

within the peptide sequences were of some significance or simply a random event. To do 

this a method used by Mertens and colleagues (2001) was applied, which determined a 

ratio (frequency) of occurrence of each amino acid. Primarily the expected frequencies of 

each residue were calculated based on the number of oligonucleotides that encoded each 

amino acid that were used to construct the libraries. If the observed frequency was the 

same as the expected frequency (a ratio of 1.0) then the presence of these residues in the 

sequence was a random event, since the library was constructed randomly. Any ratio >1.0 

indicated an over-representation of that residue (Mertens et a l 2001).

The results of this analysis revealed that the presence of certain residues within the peptide 

mimics was not random. Figures 3.9 and 3.24 showed that there appeared to be a biased 

proportion of some residues, as many residues present in the four 9V peptide mimics and 

the seven 6B peptide mimics had a value >1.0. Of particular interest were those residues 

that were over represented. Aspartic acid (D), phenylalanine (F), methionine (M), proline 

(P), tryptophan (W) and tyrosine (Y) were all over represented in both the serotype 6B and 

9V peptide mimics. Additionally glycine (G), histidine (H), lysine (K), and glutamine (Q) 

were over represented in the 9V mimics, whereas glutamic acid (E), isoleucine (I) and 

valine (V) were over represented in the 6B mimics. Unlike the 9V mimics, the 6B peptides 

also appeared to share a consensus sequence (this will be discussed in §5.5.1).
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The next question to answer was whether these residues influenced the structure of the 

peptide mimics, and how. This will now be discussed.

5.4 Predictin2 the shape of a peptide: A review

Michael Sternberg of ‘Protein structure prediction: a practical approach’ writes: “It is very 

ambitious to achieve a complete prediction of a protein structure from a sequence but it is 

not impossible to hypothesise” (Sternberg 1996). The physical and chemical properties of 

each of the twenty amino acids are well documented (Baxevanis and Ouellette 2001). Each 

residue is not only different in shape but also in the way they interact with other residues 

and their potential to form different bonds. The secondary structure of a peptide is the 

conformational relationship of nearest neighbour amino acids with respect to each other 

(Atkins and Carey 2001). Therefore, information about the interactions of amino acids 

could be used to predict the secondary structure of a peptide based on a residues 

relationship with adjacent amino acids. Hydrogen bonding between the N-H group of one 

amino acid residue and the C=0 group of another is the interaction that plays the greatest 

role in the secondary structure of a protein (Atkins and Carey 2001)

5.4.1 Amino acid interactions

Sternberg helpfully produced a Venn diagram to represent common properties between 

residues (see Figure 5.2). This, as well as other well-documented properties has helped to 

make comparisons between our mimotopes. Some of the properties that are relevant to this 

study will now be discussed.

5.4.1.1 Aromatic amino acids

In regards to polysaccharide mimicry, probably the most important amino acids are those 

that contain an aromatic ring. This is because the cyclic shape, size, and (particularly in the 

case of tyrosine) hydrogen binding potential of aromatic amino acids are features that are 

said to resemble sugar moieties (Hoess et al. 1993). These non-covalent forces are thought 

to govern the interaction between an antigen and its specific receptor on lymphocytes 

(Phalipon et a l 1997). Therefore the presence of aromatic amino acids [histidine (H), 

phenylalanine (F), tyrosine (Y) and tryptophan (W)] in a peptide can make it more 

immunogenic than non-aromatic molecules (Eales 1997). Some researchers do not regard 

histidine as an aromatic amino acid (Stryer 1995). However, previous work on
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hydrophobic
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Figure 5.2. Venn diagram representation of the properties o f amino acid residues (Sternberg 

1996).

HsN-------CH— C-------OH H2N------CH— C------OH H ^ - CH OH HzN CH— C OH

CH.

HNNH

OH
TYROSINEHISTIDINE PHENYLALANINE TRYPTOPHAN

Figure 5.3. The structure o f the ‘aromatic’ amino acids histidine, phenylalanine, tyrosine and 

tryptophan.
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peptide mimics (Hoess et al. 1993; Phalipon et al. 1997) and protein structure (Sternberg 

1996) place histidine alongside the aromatics (see Figure 5.2). This is because the electrons 

within the ring of an aromatic amino acid are able to resonate (delocalize). Histidine is also 

known to resonate when both nitrogens in the ring are protonated (with H+) (J. Grondin, 

personal communication) (Wolff et al. 2002). Therefore, histidine could share similar 

binding characteristics as the other three aromatic amino acids (see Figure 5.3). For these 

reasons, histidine will be classified as an aromatic residue in this thesis.

Interestingly, the aromatic amino acids are over-represented in our peptides. The serotype 

9V mimics are particularly rich in phenylalanine and tryptophan. MP7 consists of 33 % 

aromatic amino acids, MP12 25 %, MP55 17 % and MP58 13 %. Only three of the four 

aromatic amino acids are over-represented in the 6B peptide mimics, in particular 

tryptophan is represented more than 6 times the expected frequency; histidine is the only 

one not represented. Overall MP10, MP14, MP15 and MP18 consist of 25 % aromatic 

amino acids, whereas MP2, MP13 and MP17 consist of 17 % aromatic amino acids. This 

feature of other carbohydrate mimics (Phalipon et al. 1997), including serotype 6B 

pneumococcal polysaccharide peptide mimics (Shin et al. 2002) has been reported 

previously. Shin and colleagues (2002) identified peptide mimics displaying an over

representation (>1.0) of all four aromatic amino acids (analysis was performed here based 

on the findings of Shin and colleagues (2002)) (Shin et al. 2002).

5.4.1.2 Cysteine and Proline

Cysteine (C) and Proline (P) residues create important structural features such as cyclical 

constraint (C) or an L-shaped bend in the linear sequence (P). As discussed in §1.5.3, two 

cysteines can have a disulphide bond between them, which circularises the peptide. 

Cysteines and prolines are extremely important to the shape of a peptide. In fact all the 

non-cysteine (C) containing peptides that we identified contained at least one proline (P) 

residue (see Figures 3.9 and 3.24). Furthermore, proline may also serve an important 

structural role in orientating the aromatic side chains in a manner similar to the branched 

nature of the carbohydrates they mimic (Phalipon et al. 1997). This is further discussed in 

§5.5.1.
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5.4.1.3 Small amino acids

Alanine (A), glycine (G), serine (S), threonine (T) and valine (V) are all small residues that 

do not generally have a major structural role. This may explain the similarity in their 

occurrence. All have an observed/expected frequency below 1.0 in all the peptide mimics.

5.5 Multiple-sequence alignment

A multiple sequence alignment is the alignment of residues (either amino acid or 

nucleotide) of several sequences, with gaps introduced to maximise matches. Multiple 

sequence alignments are useful because it can identify areas of conservation among the 

sequences. These conserved areas can help predict the secondary and tertiary structures of 

new sequences (Thompson et al. 1994).

Many of the protein alignment programs that exist (Swiss Prot, Brookhaven Data Bank for 

example) are used to identify the functions of experimentally determined sequences against 

proteins already documented, based on sequence homology (Baxevanis and Ouellette 

2001). Rarely are two sequences aligned with 100 % homology, yet the function of these 

proteins could in fact be similar. This is because some amino acids can be substituted by 

others without any alteration to the function of the protein (Thompson et al. 1994). 

Therefore if amino acids can be interchanged genetically and the protein remains 

functionally similar then it could be assumed the shape is maintained.

In this study, the widely available ClustalW alignment program was used to align the 

peptide mimics for each pneumococcal serotype. This multiple-sequence alignment 

program, as well as many others, utilise three steps in performing an alignment. First, 

pairwise alignments of all the sequences were performed to calculate a distance matrix. 

This was done by scoring the distance matrix that corresponded to the number of matches 

or runs of identical residues (1 - 2 for amino acids), minus a fixed penalty for every gap 

(Thompson et al. 1994). The second step was to generate a guide tree from the distance 

matrices calculated during the pairwise alignments. The third step was progressive 

alignment of all the sequences according to the branching order on the guide tree. The most 

closely related sequences were aligned first, progressing to the most distantly related 

sequences (Thompson et al. 1994). The percentage sequence identity was an estimation of 

the similarity of the sequences. It was thought that two sequences which share 30 -  40 %
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identity over the whole sequence were generally the same (A. Stark, personal 

communication). This is usually relevant to proteins, but since there are no specific 

alignment programmes for peptides, it was thought to be just a useful threshold for this 

study.

The outcome of these alignments and the residues found in peptide mimics of serotype 6B 

and 9V pneumococcal capsular polysaccharide will now be discussed.

5.5.1 Characteristics of serotype 6B PnCPS peptide mimics

It was noticed that all the 6B peptide mimics contained a high proportion of aspartic acid 

(D) and glutamic acid (E) residues; both are negatively charged at neutral pH. This could 

imply that there is at least one positively charged residue in or near the paratope of the 

corresponding monoclonal antibody and that this could be an important feature of a 

serotype 6B pneumococcal polysaccharide mimic. These residues are of particular interest 

since, in aqueous solution the polypeptide chain will generally fold so that the polar, 

charged residues, which include D and E, are on the surface and the hydrophobic groups 

are clustered in the interior of the molecule where they are more stable (Stryer 1995).

All the peptide mimics contained at least one proline (P) residue, which creates an 

important structural feature (L-shaped bend) in a linear sequence (Simon 1993). This was 

discussed in §5.4.1.2 and can be seen in Figures 5.4 and 5.5, which highlight the presumed 

similarity between the structures of peptide mimic MP2 and 6B polysaccharide.

Additionally, all the proline residues present in these peptides were found near to aromatic 

amino acids. Peptide mimics MP10 (EIYPWYPMAERS) and MP15 (YSLLVEPYTFDP) 

both contain two proline residues, which sandwich two aromatic amino acids between 

them. The pairing of tryptophan and proline residues (either PW, WP or WGP) was found 

in six of the 7 peptide sequences (in MP15 a proline is adjacent to tyrosine, which is also 

an aromatic proline pairing). This could be significant, not only because the proline could 

orientate the tryptophan so that it is in a prominent position, but also in regards to the 

number of rings in close proximity. This feature has been described before (Hoess et al 

1993) and two hypotheses have been formed to explain this. The first is that the aromatic 

character of the amino acid (W, Y, or F) allows interactions with the aromatic-rich cluster 

often found at the bottom of the paratope of antibody structures (Hoess et al. 1993).
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PEPTIDE MP2

Figure 5.4 The presumed structure of the peptide mimic MP2 based on the interactions of 

nearest neighbour amino acids. The region highlighted by the grey box was presumed to be 

responsible for the toxicity effects observed after administering a booster dose of this peptide. Regions 

of strong H-binding potential are highlighted by arrows or grey circles.

6B CAPSULAR POLYSACCHARIDE 
(2 REPEATING 
TETRASACCHARIOES)
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Figure 5.5 The structure of two repeating units of serotype 6B pneumococcal capsular 

polysaccharide based on the structure described by Kamerling (2000). The regions of high H- 

binding potential are highlighted by grey circles.
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Therefore, aromatic residues present in the peptides could interact with aromatic residues 

located in the antigen binding site (hypervariable loops) of the mAb (Mertens et al. 2001). 

This would be a disappointing explanation, since it is not specific to polysaccharide 

mimics. Alternatively, the antibody directed against the polysaccharide structure could be 

rich in aromatic residues, as observed in most of the structure of proteins that interact with 

sugars (Phalipon et al. 1997). For instance, random hexapeptides and a dodecapeptide that 

bound to the carbohydrate-binding protein concanavalin A (Con A) contained the 

consensus sequence YPY (Oldenburg et al. 1992; Scott et al. 1992). The amino acid 

sequence of a carbohydrate epitope of the Lewis Y antigen (found on the surface of many 

adenocarcinoma cells) contained the residues PWLY, which were reported to be critical for 

peptide binding to an antibody specific for this antigen (Hoess et al. 1993). Interestingly, a 

similar result has been reported for mimicry of carbohydrate structures of anti-idiotype 

antibodies. Phalipon and colleagues (1997) found 4/19 peptide mimics of S. flexneri LPS 

contained either a WP or a WGP, which was regarded the same since glycine is a small 

residue and generally has no structural importance. Furthermore, 2/8 peptide mimics of V. 

cholerae CPS contained the same pattern (S. Falklind-Jerkerus, unpublished data). The 

reason for this preference for aromatic amino acids was explained in §5.4.1.1.

5.5.1.1 Peptide Toxicity

As stated earlier (§5.2.5), whilst completing the mouse protection assays, it was noticed 

that immunisation with a booster dose of peptide mimics MP2, MP14, MP17 and MP18 

appeared to lead to the development of anaphylactic shock. All these peptides were mimics 

of serotype 6B pneumococcal polysaccharide. Within 30 minutes of administering the 

booster injection of peptide, mice suffered a systemic reaction similar to anaphylaxis, 

which resulted in lethargy, hypothermia, assumed vasodilation and rapid death. We 

confirmed that this reaction was due to the development of anaphylactic shock by detecting 

a significantly higher (P< 0.05) concentration of histamine in the serum of mice immunised 

with MP2 compared to those that received two doses of the immunisation solution minus 

the peptide (PBS and adjuvant) (§2.8.5). We also showed that immunisation with MP2 led 

to the production of the immunoglobulin IgE (§3.8.5.6). This antibody is indicative of an 

allergic response.

This phenomenon could not be due to the presence of contaminants in the immunisation 

solution, since the same reagents were used to prepare other peptides where this effect was
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not noted (MP10 and MP13, for example). The company that manufactured the KLH 

conjugated peptides (CRB, Cambridge UK), confirmed that the peptides were free of 

toxins and that this side effect had not been reported before. Also, the presence of 

endotoxin was excluded by means of a LAL test (performed by A. Schaeffer, Dept of III, 

University of Leicester, UK), which was negative. Moreover, this result was only noted 

upon booster injection, whereas if toxins were present the effects would be expected after 

the primary dose alone. Therefore we concluded that this was a result of the peptide mimic 

and this itself raised several hypotheses: one hypothesis was that the peptides were 

mimicking a known allergen, therefore upon immunisation the mouse responds as if it 

encounters the allergen and goes into anaphylactic shock. However BLAST searches of the 

sequences of MP2, MP14, MP17 and MP18 revealed no exact matches.

To date, there are no published examples of this type of response occurring from peptide 

mimic vaccines. This led to the hypothesis that the peptides mimic an epitope of serotype 

6B pneumococcal capsular polysaccharide that in its native state stimulates a localised 

allergic reaction. The basis of this hypothesis relies on previous findings that imply a role 

for histamine in pneumococcal infection (du Moulin et a l 1982; Esaki et al. 1991; Nom et 

a l 1994; Kjaergard et al. 1996; van der Ven et al. 1999). Van der Ven and colleagues 

(1999) induced pneumococcal infection in the middle ear of rats using histamine to block 

mucociliary beating, induce mucosal swelling and impair clearance of the eustachian tube 

prior to intranasal inoculation of the pneumococci (van der Ven et al. 1999). Du Moulin 

and colleagues (1982) suggested that treatment with the antihistamine cemetidine 

predisposed patients to the development of pneumococcal disease. Furthermore, several 

pneumococcal factors, including capsular polysaccharides, are known to induce the release 

of inflammatory mediators (Simpson et a l 1994). In one study, bacteria isolated from the 

lower respiratory tract of twelve patients with pneumococcal infection caused an IgE- 

mediated histamine release from the patient's own blood leukocytes, indicating that these 

patients were sensitised to their own bacteria (Nom et a l 1994). This may explain why 

asymptomatic colonisation can predispose to pneumococcal infection (Barthelson et al 

1998; Dagan et a l 2004) and why mast cell degranulation is observed during 

pneumococcal infection of the lung (Kerr et a l 2002). Interestingly, Kerr and colleagues 

detected significantly higher numbers of mast cell granules in the lungs of mice resistant to 

pneumococcal infection than in those of susceptible mice immediately following infection 

(Kerr et a l 2002).
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Another hypothesis we considered was that certain amino acids in the sequence stimulated 

an antibody class switch from IgM to IgE. To investigate the latter two hypotheses we a 

devised a study based on the sequences o f  the peptide MP2. As stated earlier, we noticed 

that all the 6B peptide mimics contained a high proportion o f glutamic acid (E) and 

aspartic acid (D) residues; both are negatively charged and have strong hydrogen bonding 

capabilities (Stryer 1995). Furthermore, as Figure 5.6 shows, the peptides that induced the 

allergic response presented these residues as pairs or in close proximity to each other (i.e. 

ED, EWD, DE). Whereas the non-allergenic peptides (MP13, MP15 and MP10) lacked this 

feature.

M P2 -------- W G P R V IF E D V T V - COOH

M P 1 7   D W -P A V IF E D T R A - COOH

M P 1 8   W -PQ IW FD D E E D V  COOH

M P 14  W E W D W -P R IE L N -I   COOH

M P 13   DW -  PA L IFD Q D M  - L— COOH

M P 15   Y - - S L L V E P Y T -F D P  COOH

M P 10  - - E I Y - PW Y PM AERS  COOH

Figure 5.6 The sequences of the peptide mimics that induced anaphylaxis upon booster dose.

Acidic amino acids are highlighted in bold. The other 6B peptide mimics that did not induce 

anaphylaxis are also shown. The alignment was performed by ClustalW.

To test this theory the glutamic acid (E) and aspartic acid (D) residues present in MP2 

were substituted for their uncharged deivatives, glutamine (Q) and asparagine (N) 

respectively, which contain a terminal amide group in place o f  a carboxylate group. This 

substitution suggested that the hydrogen binding potential o f  these residues would be 

altered but the overall size o f the peptide would be unchanged. The sequence o f MP2 was 

modified since this peptide contains one glutamic acid and one asapartic acid residue and it 

was hypothesised that the effect o f  the substitution would be more pronounced. The 

sequence o f the modified peptide, known as MP2m was NH 2 -W G PRVIFQ N V TV  -

COOH (the modified residues are highlighted in boldface). Mice were then immunised
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with either MP2-KLH or with MP2m-KLH. The experiment was done using eight groups 

o f  mice, with each having a slightly different immunisation schedule (see Table 2.8). The 

doses received by each group and the results o f anaphylaxis w ere recorded in Table 3.8.

We showed that the elimination o f  the glutamic acid (E) and aspartic acid (D) residues 

from the sequence o f  the peptide MP2 reduced its ability to induce anaphylaxis in mice. 

Symptoms o f  anaphylaxis (raised serum histamine levels and decreased body temperature) 

were also significantly lower in those groups immunised w ith tw o doses o f  peptide. 

Futhermore, mice immunised with a prim ary dose o f  M P2 did not suffer anaphylaxis upon 

boost with MP2m. Similarly, a prim ary dose o f  M P2m did not induce anaphylaxis upon 

boost with MP2. This suggested that the antibodies produced in response to immunisation 

with MP2 were raised to the region o f  the peptide containing the acidic amino acids.

We also showed that mice passively immunised with the monoclonal antibody that selected 

MP2 from the phage library (Db3G9) prior to challenge with two doses o f  M P2 were 

equally susceptible to this peptide’s ability to induce anaphylaxis. There was no significant 

difference between the serum histam ine concentration and body temperatures recorded in 

these mice compared to mice that received only peptide MP2. W e had hypothesised that 

the mAb would bind the peptide upon immunisation and counteract the effects o f  the 

boost, but this result implied that either the mAb did not recognise the allergen-causing 

motif, or it could mean that we adm inistered too high a dose o f  peptide, so there was still 

free antigen.

Prophylaxis with the anti-histamine cetirizine prior to the second dose o f  MP2 also made 

no difference to the ability o f  the peptide to induce anaphylaxis. This could mean 

histamine is not the mediator or it is binding to another H receptor. There are four known 

histamine receptors (H I, H2, H3 and H4). Cetirizine blocks histamine binding to HI 

receptors, therefore it may be useful to investigate different receptor blockers. 

Interestingly, the potent H2 blocker, cimetidine, has been shown not to impair 

pneumococcal infection o f  the lung (Esposito 1987). The function o f  the H3 receptors is 

not fully understood, but this could also be interesting to investigate.
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5.5.2 F eatu res o f the serotype 9V PnC PS peptide mimics

The peptides selected to mimic serotype 9V pneumococcal polysaccharide share less 

similarity to each other than the serotype 6B mimics. This maybe because there are fewer 

peptides to perform an alignment. Also the four peptides are different lengths, whereas the 

6B mimics were all 12 amino acids long.

Nonetheless, there are some similarities between the peptides (see Table 3.4); all three 

non-cysteine (C) containing peptides contained at least one proline (P) residue, both (as 

described before) are important structurally, and create features such as cyclical constraint 

or an L-shaped bend in the linear sequence. Proline may serve an important structural role 

in orientating the aromatic side chains in a manner similar to the branched nature o f the 

carbohydrates they mimic (Phalipon et al. 1997). MP7 (KFHPKDIPYQVW ) contained 

two proline residues, one o f which was adjacent a tyrosine (Y) residue and the other 

adjacent a histidine (H) residue. The sequence o f  MP55 (RQFECYTTTCVG) contained 

two cysteines, one o f which is adjacent to an aromatic amino acid (tyrosine). This was not 

noted for M P12 (HKKDFARGPGW S) or MP58 (RQGEEVYMW RDSMPA).

5.5.2.1 Immunisation with a cyclically constrained peptide resulted in the highest antibody 

response

Immunisation with peptide mimic MP55, which was the only peptide that was cyclically 

constrained, produced antibody that had the highest avidity to the immunogen o f all the 

peptide mimics. Other studies have reported that constrained peptides have high avidity 

(Brown et al. 1984; Mertens et al. 2001). Brown and colleagues found that constraining the 

peptide conformation successfully increased antibody binding (Brown et al. 1984). 

Mertens and colleagues (2001) hypothesised that cyclically constrained peptides would 

potentially give rise to better immunogenic mimics, since they allowed fewer 

conformations (Mertens et al. 2001). The strength o f antibody binding to the peptide MP55 

correlated to the ability to confer protection in mice since mice that produced high avidity 

antibody survived challenge (see §3.6.4.5). This could mean that including cysteines in the 

peptide sequences o f less immunogenic peptides could improve the immune response. An 

interesting experiment might be to see whether substituting the proline residues for 

cysteines (since both are structurally important) increases the avidity o f  the antibody 

response. The sequence o f MP7 contained two proline residues, which could be substituted 

for cysteines in an attempt to increase the immune response to immunisation.
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5.6 The lim itations o f this study

The limitations o f this study were present in the method o f  peptide selection, the stability 

o f the peptides in different solutions, and genetic restriction in immunised individuals. 

These will be discussed in the following sections.

5.6.1 M ethod o f peptide selection

Many studies have found success using phage displayed peptide libraries. These include 

peptide mimics o f a variety o f  bacterial carbohydrate epitopes including Shigella flexneri 

LPS (Phalipon et al 1997) Group B streptococcal capsular polysaccharide (Pincus et a l

1998), Brucella abortus LPS (De Bolle et a l  1999), and more recently, serotype 4 

(Lesinski et a l 2001a) and 6B S. pneumoniae capsular polysaccharide (Shin et a l 2002). 

However, the success rate is difficult to determine from published work as they only report 

positive results. Commonly, binding peptides are missed due to overpanning. Overpanning 

a library usually means that a limited number o f clones come to prevail in the population to 

the exclusion o f  others which have a similar or better avidity for the antibody (Barbas et al 

2001). It is difficult to know whether a library has been over panned because until positive 

clones are recovered, the user is unaware o f  the number o f potential binders present in the 

library. Positive clones are only identified by immunoscreening (see §2.5.7.1). Therefore a 

possible solution to this is to perform immunoscreening after all rounds panning; however, 

if  unsuccessful this could prolong the selection process.

It is also possible that the biopanning process itself may favour selection o f  particular 

sequences. For example components such as plastic, the antibody immobilisation system or 

blocking agents may all influence the peptides selected (Lesinski and W esterink 2001). 

This limitation makes it imperative that a selected peptide is evaluated with respect to its 

biological effect, e.g. it binds to the mAb and induces anti-carbohydrate antibodies upon 

immunisation. It is also important to exclude the possibility that selected phage bind 

epitopes outside the antigen-binding site. This can be achieved by performing inhibition 

assays to measure binding o f  selected phage to antigen specific antibodies. If  pre

incubation o f the mAb to the native antigen blocks binding to the peptide, the two epitopes 

must occupy the same location at the antigen-binding site. True peptide mimotopes should 

be capable o f binding antigen specific antibodies and inducing a cross-reactive immune 

response upon immunisation (Grothaus et a l 2000).
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In my opinion, the fact that there is no strict method to follow to  obtain peptide mimics 

from a phage library is one o f  the biggest problems in using this method. For example, it is 

unknown what antibodies or proteins select better mimics. O f course, there is no guarantee 

o f finding the ‘ideal’ vaccine candidate with any o f  the m ethods described in §1.5.1. As 

stated above, many studies, including this one, have found success using phage libraries, 

and therefore there can be no doubt it is a useful method. W e identified a ‘true’ mimic o f 

pneumococcal polysaccharide and two peptides that stim ulated a protective immune 

response in immunised mice. Furthermore, as the number o f  published accounts grows, the 

technique to use will become clearer.

5.6.2 Peptide stability

The mAbs DM5 and Db3G9 w ere both raised to serotype 6B PnCPS, however their 

complementarily-determining regions were found to be quite distinct when the DNA 

sequences o f  the V l and Vh regions o f  the two mAbs were determined (H. Baxendale, 

personal communication). This means that there was no reason to believe the peptide 

sequences would bind complementary regions o f  both mAbs. D espite this, some peptide 

mimics selected from the phage libraries by mAb Db3G9 also bound to DM5, in particular 

peptides MP2 and MP14 significantly reacted to both mAbs (see §3.7.3). As discussed 

previously (§5.2.3), Shin and colleagues also described peptide mimotopes o f  serotype 6B 

pneumococcal polysaccharide cross-reacting with an antibody raised to Neisseria 

meningitidis group B polysaccharide (Shin et al. 2002). This ability to  cross react with 

other anti-polysaccharide antibodies could be due to the stability o f  the peptide, since 

unstable peptides could adopt more than one shape in different solutions. This will now be 

discussed.

Phage-borne peptides have been known to lose their ability to bind the target molecule 

when synthesised chemically (Felici et al. 1993). This is thought to be because phage 

displayed peptides are soluble, but free peptides may be insoluble in solution (Felici et al. 

1993). The peptide mimics in our study were synthesised conjugated to a soluble fusion 

protein (KLH or BSA). The results (shown in Figure 3.16) showed that antibodies that 

recognised the phage borne peptide MP58 also bound the conjugate peptides. Therefore, 

the structure o f  the phage-displayed peptide was maintained after conjugation to KLH or 

BSA. However, this type o f  investigation could not be perform ed for the other peptides, as 

no other phage-borne peptides w ere used to immunise mice.

241



Discussion -  Part A

Structural analysis o f the relationship between a phage-displayed peptide and a KLH- 

conjugated peptide, or an in vivo peptide and a peptide in solution, w as thought could lead 

to an improvement in the immunogenicity o f  the peptide mimics obtained. However, due 

to time restraints and because the peptide needed to be much purer than was needed for 

immunisation this was not performed during this study. It could be achieved using X-ray 

crystallography, for example.

5.6.3 Genetic restriction

As Table 5.1 shows, the antibody response to immunisation w ith each peptide varied 

significantly. The highest average (mean) anti-peptide response recorded followed 

immunisation with peptide MP55 (at 54.6 mg ml"1), whereas im munisation with MP13 

only elicited an average antibody concentration o f 62.7 pg m l'1, nearly 1000-fold lower. 

These differences may be because an outbred strain o f  mouse was used in this study. This 

population contained genetically dissimilar individuals, which possessed different 

repertoires o f  MHC proteins. This was explained in §1.5.1.4. Briefly, to  recapitulate, MHC 

class II molecules are found on the surface o f  antigen-presenting cells when the antigen is 

presented. After phagocytosis and processing, portions o f  the antigen bind to the MHC 

class II molecule, which presents the peptide on the cell surface to make it available to 

helper T cells. Since, the antibody response to protein antigens requires help (in the form 

o f  cytokines) provided to B cells by CD4 T cells, failure o f  certain antigens to bind MHC 

class II molecules generally reflects in a poor antibody response. Some peptides can bind 

to many class II alleles albeit w ith different avidity, implying that the same peptide can 

immunise individuals o f  diverse M HC haplotypes (see §1.5.1.4). However, some peptide 

antigens will not be recognised by some MHC alleles and will therefore appear invisible to 

the immune system o f  some individuals, for this reason MHC restriction is generally a big 

problem in vaccine development (Schuler et al. 2002).

Immunisation with MP7 stimulated the lowest concentration o f  antibody o f  all the serotype 

9V peptide mimics and some immunised mice showed no antibody response. One 

explanation for this is that the sequence o f MP7 maybe less efficient at binding the murine 

MHC II molecules than the other peptides (MP12, MP55 and MP58). Consequently, the 

MP7 sequence may not have stimulated B cell proliferation as efficiently, resulting in 

decreased anti-peptide antibody production. Similarly, the serotype 6B peptide mimic 

MP13 maybe less efficient at binding to the murine MHC II m olecules than MP18. The
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most likely explanation for this maybe found in the sequence o f  those peptides that 

stimulated a high antibody response, as these may contain m otifs that enhance MHC 

recognition for those that lack a strong antibody response. A ll the peptides bound the mAb 

that selected them from the library and therefore, they m ust share similar binding 

characteristics. Replacing amino acids could enhance the binding avidity and improve 

MHC recognition without eliminating its ability to mimic pneum ococcal polysaccharide.

Other mouse species may not respond in the same way to im munisation. Other studies 

have immunised BALB/c mice, however this strain is naturally more resistant to 

pneumococcal infection (Kerr et al. 2002) and therefore, may not be ideal for challenge. 

Furthermore, these results do not necessarily imply that the same genetic restriction would 

be present in humans.

5.7 Conclusion: the future of pneumococcal peptide vaccines

We have identified two peptide mimics that protect mice from developing pneumococcal 

disease. However, as discussed in §5.6.3, two peptides are insufficient to protect an entire 

population o f different haplotypes. One way o f  improving the im mune response to the 

other peptide mimics identified in this study, and in the future, could come from 

identifying structural motifs in the mimics. For example, a three-dimensional model o f  the 

interactions between the mAb-peptide or mAb-polysaccharide epitope could help identify 

important structural motifs in the mimics. This could be achieved by X-ray analysis o f the 

co-crystals o f these molecules (M ertens et al. 2001). A  further m ethod o f  improving the 

anti-pneumococcal immune response could come from conjugating the peptide mimics to 

an immunogenic pneum ococcal protein. Four pneumococcal proteins have been shown to 

have potential for use as vaccines, these are PspA, pneumolysin, PsaA and PspC (Briles et 

al 2000). Conjugation o f  the peptide mimics to one or more o f  these proteins could 

potentially give rise to anti-capsular and anti-protein immune responses.

Alternatively, different immunisation protocols could be tested. For example, boosting at 

different intervals or using an alternative adjuvant may stimulate an increased antibody 

response. The concentration o f  peptide used in each dose could also be increased. High 

levels o f  peptides are thought to generate high levels o f  specific M HC-peptide complexes 

on the antigen-presenting cell and therefore more antibody. However, in doing this, the

243



Discussion -  Part B

host in danger o f developing tolerance to the antigen (Janeway et al. 1999). This study 

identified peptides that provoked different responses in mice. This could be a result o f 

some o f  the limitations discussed in §5.6 and for these reasons an ideal vaccine may be a 

conjugate that displays different mimotopes. For example, a conjugate that displays more 

than one peptide sequence that mimics pneumococcal polysaccharide. This would also 

allow individuals o f different M HC haplotypes to respond to the antigen.

Part B: Heterologous expression of pneumococcal polysaccharide in vlanta

The second part o f this chapter discusses the results and impact o f  developing a transgenic 

plant capable o f  expressing pneum ococcal polysaccharide.

5.8 To recapitulate

Prior to m odem  advancements in the synthetic pharmaceutical industry almost 60 years 

ago, mankind was dependent on plants as source o f  most medicinal compounds (Rao and 

Ravishankar 2002). Today, w ith the development o f  biotechnology, plants are reclaiming 

their therapeutic potential. M any investigators have already shown success using plants as 

vehicles for the manufacture and expression o f  vaccine protein antigens (Haq et al. 1995; 

M ason et al. 1998; Lamphear et al. 2002; Rigano et al. 2004) (see §1.6). This study has 

taken this concept a step further and we have shown that the recom binant expression o f the 

type 3 capsule synthase (Cps3S) can lead to the production o f  type 3 pneumococcal 

capsular polysaccharide in plants.

The four genes involved in type 3 pneumococcal capsular polysaccharide synthesis are 

closely linked on the bacterial chromosome, arranged within a single locus (cassette) 

(Caimano et al. 2000). Previous work has shown that the recombinant expression o f two of 

these proteins, Cps3D+S+, was needed for the synthesis o f  extra-cellular type 3 

polysaccharide in Lactococcus lactis (Gilbert et al. 2000). Arrecubieta and colleagues 

found that expression o f  Cps3S alone led to the synthesis o f  type 3 polysaccharide in both 

unencapsulated pneumococci and E. coli, provided that the nucleotide precursors o f  the 

capsular polysaccharide (UDP-Glc and UDP-GlcA) were also present (Arrecubieta et al. 

1996a). The two additional genes in the type 3-specific cassette, cps3U and cps3M, are not 

thought to be necessary for type 3 capsule production (Dillard et al. 1995; Caimano et al.
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2000). We cloned a copy o f  the serotype 3 capsule synthase gene, cps3S, into plant 

expression vectors, which were transformed into different plant species. After cultivating a 

second generation o f transgenic plants, we have shown the stable integration o f  the cps3S 

gene and production o f  type 3 pneumococcal polysaccharide. This discovery aims to 

confront the high vaccine production costs associated with pneumococcal vaccines.

5.9 S um m ary  of results

5.9.1 T he sequence of cps3S

A DNA fragment containing the type 3 capsule synthase gene, cps3S, was amplified by 

PCR using oligonucleotides based on the nucleotide sequence previously determined 

(Dillard et al. 1995) and cloned into a storage vector (pCR4-TOPO) (pC M Sl). The DNA 

sequence o f  the MCS o f this vector showed variations between the cloned nucleotide 

sequence o f  the serotype 3 capsule synthase gene and that obtained in the literature. This 

has been reported before as the sequences obtained from two studies (Arrecubieta et al. 

1995; Dillard et al. 1995), cps3S and cap3B, showed significant mismatches in nucleotides 

between 667 bp - 704 bp. In their defence, the genes were obtained from two different 

strains o f  serotype 3 pneumococci, WU2 and 406, respectively. However, we amplified 

cps3S from WU2 and therefore, expected similar results to that o f  Dillard and colleagues. 

Accuracy in the sequence was maintained during PCR by only allowing the reaction to 

proceed for 10 cycles and by using a proofreading polymerase. Despite this, the amplified 

gene displayed 100 % sequence identity to that reported by Arrecubieta and colleagues 

(Arrecubieta et al. 1995). This implied that Dillard and colleagues might have reported 

sequencing errors and the two studies in fact used the same sequence. The quality o f the 

sequence was important to have confidence the protein would function as expected.

5.9.2 B acterial expression vectors

In case we detected no protein/polysaccharide expression in planta, we also cloned the 

amplified cps3S into a bacterial expression vector pRSET C (pCMS5). This was because 

the bacterial culture had many advantages over whole plant culture. Bacterial cell 

suspensions grow more rapidly, have greater homogeneity and, consequently, a high 

proportion o f  the cells are in direct contact with the antibiotic selection in the culture 

medium. This is unlike whole plant cell culture in which antibiotic selection is ceased after 

rooting and transfer to soil. The advantages o f a bacterial culture was thought to be
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beneficial to examine protein expression and/or investigate any problems that were 

encountered with the plant culture. pRSET C provided in-frame transcription and an 

upstream Shine-Delgano sequence for ribosome binding. Arrecubieta and colleagues found 

that expression o f cps3S led to the synthesis o f type 3 polysaccharide in E. coli carrying the 

bacteriophage DE3 (Arrecubieta et al. 1996a). Therefore, we transformed pCMS5 into E. 

coli BL21(DE3)pLysS. The pLysS plasmid allowed stricter control o f  the expression levels 

o f  the cloned protein. This was important because the use o f high copy-number plasmids 

and/or poorly regulated promoters was thought to be the cause o f previous unsuccessful 

attempts to clone and express pneumococcal genes involved in capsular polysaccharide 

synthesis in E. coli (Dillard and Yother 1991; Arrecubieta et al. 1996). All the plasmids 

constructed during this study were described in Table 2.10.

Due to time restraints and successful in planta expression (see §5.7.3.2), the full potential 

o f  the pCM S5 construct was not explored. It could be useful to look at the level and size o f 

the protein expressed and its enzymic activity in vitro, for example.

5.9.3 P lan t expression vectors

The small, versatile pPZP family o f  Agrobacterium binary vectors, or their derivatives, 

have been used on numerous occasions to transform plants (Gao et al. 2003; M cIntosh et 

al. 2004) and have been fully sequenced (Hajdukiewicz et al. 1994). These vectors contain, 

within the Ti derived T-DNA border regions, bacterial marker genes, such as 

chloramphenicol (pPZPlOO series) or spectinomycin resistance (pPZP200 series), a pUC18 

multiple cloning site (for inserting the transgene) together with the plasmid origins for 

replication in E. coli and in Agrobacterium (ColEl and pV S l, respectively) (Hajdukiewicz 

et al. 1994). The T-DNA region also contains plant marker genes, such as antibiotic 

resistance and 6-glucuronidase (GUS) expression (see §5.11.1).

5.9.3.1 PCMS3

In this study cps3S was cloned into the T-DNA region o f  a binary plant expression vector 

known pCHF2 (pCMS3), which was previously derived from pPZP222. To enhance 

expression o f the transgene in plant cells, a duplicated CaMV35S promoter (see §2.11.2.1 

for further details) had been cloned into the T-DNA region upstream o f cps3S. 

Furthermore, the signal sequence known as PR IB, was used to direct secretion o f the 

transgene. This is because unlike prokaryotic cells, plant cells are highly
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compartmentalised and metabolic pathways occurring in more than one compartment have 

to be connected by transport processes (Kunze et al. 2002). A  previous study investigated 

the secretion o f  different proteins using PR1B under the control o f  a CaM V35S promoter 

(Denecke et al. 1990). They replaced the initiation codon o f  the transgene w ith PR1B and 

found that the product was secreted via the endoplasmic reticulum  (ER) to the apoplast 

(Denecke et al. 1990). It was thought that without a signal to direct transport, heterologous 

proteins would migrate via a non-specific ‘default pathw ay’ from  the lum en o f  the ER via 

the Golgi apparatus to the cell surface (Denecke et al. 1990). However, overall protein 

expression was less when the signal sequence was present (Denecke et al. 1990). 

Nonetheless, it was believed that the secretion o f Cps3S to the apoplast w ould allow easy 

extraction o f  type 3 polysaccharide in a form that could be used directly for immunisation 

o f  mice.

pCMS3 was successfully transform ed into E. coli and Agrobacterium tumefaciens. 

Expression o f  the spectinomycin resistance gene, aadA, allowed selection o f  transformed 

bacteria, which was confirmed by DNA extraction and restriction digest. The transformed 

A. tumefaciens was then used to infect Arabidopsis thaliana and Nicotinia tobacum plants 

by two different, but well-established techniques for each species. The gentamicin 

resistance gene, aacCI, in pCMS3 allowed selection o f transformed plants.

Arabidopsis thaliana was successfully transformed and was shown to contain the cps3S 

gene. However, many plants w ere discarded due to enduring Agrobacterium contamination 

and those that survived, fourteen in total, contracted a fungal infection while housed in the 

incubator and had to be disposed o f  prior to setting seed. Furthermore, several attempts to 

transform Tobacco with pCM S3 w ere unsuccessful. This was thought to be due to the 

method o f selection. The gentamicin concentration was ranged from 50 jag m l'1 to 250 jag 

m l'1, yet all the leaf discs developed signs o f chlorosis (yellowing or whitening o f plant 

tissue). This indicated that either the cells were not transformed or the antibiotic was toxic 

to the eukaryotic tissue. This toxicity is not fully understood at the m olecular level, but it is 

thought to affect various aspects o f vacuolar and Golgi complex (or endoplasmic 

reticulum) function (Blackburn and Avery 2003). Since this is also the presumed route o f 

polysaccharide synthesis, it was not thought to be useful to continue this route o f 

investigation. Furthermore, gentamicin was not routinely used for selecting plant
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transformants in our laboratory and, because we found success transform ing plants with 

cps3S using pCMS4 (see §5.7.3.2), I would recommend abandoning using this approach.

5.9.3.2 p CMS4

The most commonly used marker genes in plants are those that provide resistance to 

antibiotics such as kanamycin, hygromycin and bleom ycin (Draper et al. 1988). 

Kanamycin, in particular, has proved to be a very useful transform ation m arker (Draper et 

al. 1988) therefore, cps3S, along w ith the duplicate CaM V35S prom oters, terminator and 

PR1B signal sequences from pCM S3 were cloned into pCam bia 2301 (pCMS4).

pCM S4 was successfully cloned into N. tobacum by A. tumefaciens-mediated gene 

transfer. The parent generation o f  plants was grown from transform ed leaf disc calluses 

using the growth hormones NAA and 6-BAP to promote shoot and root formation. A  first 

filial (F I) generation was grown from  the seed o f  six o f  the twelve plants that survived to 

set seed and five o f these plants showed stable integration o f  the transgene by amplification 

o f  cps3S by PCR. All o f  these plants were also shown to synthesise type 3 polysaccharide, 

albeit at different levels. This could be due to the number o f  integrations. The site o f  T- 

DNA integration into plant DNA is apparently random and can occur several times in the 

same plant (Draper et al. 1988). This means that some plants may contain more copies o f 

the cps3S gene than others, and therefore, could synthesise higher levels o f  type 3 

polysaccharide. The number o f  integrations can be deduced using M endelian genetics after 

counting the number o f  transgenic progeny that are resistant to the antibiotic selection. For 

example, as shown in Figure 5.7, one integration (o f the T-DNA) would result in the 

growth o f  1/4 o f  seeds since a ratio 1:3 would be sensitive:resistant to kanamycin. On the 

other hand, if  there had been tw o integrations the ratio would increase to 1:15.

All five FI plants displayed a 1:15 ratio or greater, and therefore contained at least two 

copies o f cps3S. Growth o f  a second filial generation would confirm which progeny 

contained the most copies, but this could not be completed within the time scale o f  this 

thesis.
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Figure 5.7. Punnet squares illustrating how the number of T-DNA integrations can alter the number of 

transformed FI progeny

One Integration (A) 

A a

AA Aa

Aa

1:3

Two integrations (A and B)

AB Ab aB ab

AB

Ab

aB

ab

AABB AABb AaBB AaBb

AABb AAbb AaBb Aabb

AaBB AaBb aaBB AaBb

AaBb AaBb aaBb aabb

1:15

The cps3S gene is present as a dominant and recessive allele since the parent strain is heterozygous. The grey 

boxes represent those progeny that do not contain a copy of the transgene (T-DNA).

5.9.3.3 Extraction and production o f  pneumococcal polysaccharide in plants 

Type 3 specific pneumococcal polysaccharide was extracted from plant tissue (albeit at 

different levels) using several methods. The most effective method, which obtained the 

highest concentration o f pneumococcal polysaccharide (~4 pg g '1 plant tissue, based on 

observation alone), was to grind the plant tissue under liquid nitrogen, suspend the tissue in 

water and lyse the cells by sonication (see §2.15.1.1). Sonication appeared to be a crucial 

step, since homogenisation did not yield as much polysaccharide. These results could be 

interpreted in two ways; the polysaccharide is present in the cytoplasm o f  the cell and is 

therefore released upon sonication, or sonication disrupts the cell wall where the type 3 

polysaccharide is embedded or bound. Gilbert and colleagues found that the type 3 

pneumococcal polysaccharide produced by L. lactis was securely (covalently) linked to the 

cell wall (Gilbert et al 2000). Furthermore, in E. coli type 3 polysaccharide remained 

bound to the outer membrane, possibly due to a lipid anchor attached to the outer 

membrane (Arrecubieta et al. 1996). This could be what occurred in plants. Plants are 

known to anchor proteins to the plasma membrane using a glycosylphosphatidylinositol 

(GPI) lipid anchor (Fischer et al. 2004). Post-translational GPI-anchor modification takes 

place in the endoplasmic reticulum, and GPI-anchored proteins are transported via the 

Golgi network to the plasma membrane where they are inserted into the outer layer o f the 

lipid bilayer (Ikezawa 2002). Hemicelluloses, which share significant similarity to type 3 

polysaccharide, are also assembled in the ER and Golgi apparatus (see below). This lead to
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the hypothesis that type 3 polysaccharide may also be anchored to the plasm a membrane of 

plant cells.

As mentioned earlier, plant cells are highly compartmentalised and m etabolic pathways 

occurring in more than one compartment have to be connected by transport processes 

(Kunze et al 2002). Despite cloning the signal sequence PR1B w e detected no type 3 

polysaccharide in its destination, the apoplastic fluid. This im plied that PR1B was not 

functioning correctly. Previous studies replaced the start codon o f  the transgene with PR IB 

(Denecke et al 1990), however, we maintained the start codon and cloned an in-frame 

sequence o f  cps3S. This may have led to a reduction in PR1B activity. Alternatively, native 

plant transport processes may have interfered with polysaccharide secretion. The plant cell 

wall is typically composed o f  30 % cellulose and about 60 % matrix polysaccharides 

(pectin and hemicellulose) (Fry 1988). Type 3 pneumococcal polysaccharide is composed 

o f two o f  the major sugars that form the hemicelluloses (glucose and glucuronic acid) (see 

§ 1.7.3.1). These polysaccharides are assembled in the ER  and Golgi apparatus by glycosyl 

transferases (that catalyse the transfer o f  a glycosyl residue from a nucleotide sugar (e.g. 

UDP-glucose) to an acceptor molecule) and are delivered to the cell wall by vesicles o f  the 

endomembrane system (Fry 1988). M aybe the plant cell processes type 3 polysaccharide 

along with the native hemicelluloses, and therefore could be discharged to the cell wall 

(Northcote 1974). The hem icelluloses can be extracted by harsh alkali treatments (Fry 

1988). Therefore, the transgenic plant tissue was lysed by sonication in 3M  NaOH. This 

led to the extraction o f  pneum ococcal polysaccharide, but at a lower concentration than 

when water or PBS was used. Furthermore, this method also led to an increase in non

specific binding in Ouchterlony from the wild-type plant extract. Therefore, this did not 

appear to be a correct hypothesis.

Alternatively, Cps3S has been shown to share significant homology to a number o f 

processive P-glycosyltransferases, which include the cellulose synthases o f  plants (Cartee 

et al. 2001). Many assumptions to the function o f Cps3S have already been reported using 

comparisons to these homologs (Forsee et al. 2000). For example, it has been suggested 

that Cps3S, along with the other processive p-glycosyltransferases, could be involved in 

the transport o f  the growing polysaccharide chain to the cell surface, possibly through a 

pore or channel (Keenleyside and W hitfield 1996; Cartee et al. 2000; Forsee et al 2000). 

This is because, to date, no export system has been found to exist for type 3 polysaccharide
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in S. pneumoniae and no other sequences have been identified that seem likely to be 

involved (Keenleyside and W hitfield 1996; Cartee et al. 2000). The functions o f Cps3S 

and the biosynthesis o f type 3 polysaccharide were described in m ore detail in §1.7.1.

Continuing with the comparisons to the processive P-glycosyltransferases, it could be 

assumed that, in planta, Cps3S behaves as the native cellulose synthases. Like Cps3S, 

these enzymes are bound to the plasma-membrane and use sugar precursors supplied by 

the cytosol to spin out cellulose from the surface o f the cell (A lberts et al. 1994; Forsee et 

al. 2000). This hypothesis agrees w ith the findings o f  Gilbert et al., (2001) and Arrecubieta 

et al., (1996). As mentioned earlier, E. coli synthesised type 3 polysaccharide attached to 

the outer membrane by a lipid anchor (Arrecubieta et al. 1996). E. coli strains have been 

shown to later export some cell-surface polysaccharides across the inner membrane by a 

transporter (i.e. group 2 and 3 K antigens and colanic acid are exported across the inner 

membrane by an ABC transporter) (Cartee et al. 2001). Therefore, m aybe Cps3S is bound 

to the plasma membrane and secretes type 3 polysaccharide into the cytoplasm. Forsee and 

colleagues found that the release o f  polysaccharide from the membrane was temperature 

and pH  dependant (Forsee et al. 2000). These could be im portant considerations for 

improving future extraction techniques.

An alternative hypothesis is that the polysaccharide remained in the cytoplasm  where the 

precursors were found. In E. coli expressing Cps3S, 40 % o f  the type 3 specific 

polysaccharide accumulated in the periplasm, 40 - 50 % in the cytoplasm, and the 

remainder was found in the m embrane fraction (Arrecubieta et al. 1996).

All o f the presumed locations o f  the expressed polysaccharide in planta (based on the 

above hypotheses) are shown in Figure 5.8.
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Intrinsic transport 
from Golgi to cell wall 

(like hemicellulose) ^

PRl Bi
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-  ■ V
?s>uthesis o f T3CPS in 
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March
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Figure 5.8. Putative routes of Cps3S and type 3 polysaccharide (T3CPS) transportation in plant 

cells. Five different routes have been hypothesised: 1) Cps3S is transported to the apoplast via the 

direction of the signal peptide PR IB, 2) Intrinsic transportation systems regard T3CPS as the 

hemicelluloses and transport the polysaccharide to the cell wall, 3) Cps3S remains in the cytoplasm 

where T3CPS is synthesised, 4) T3CPS is synthesised in plastids (chloroplasts) where the biosynthesis 

o f starch is largely confined, 5) Cps3S is processed like the plant’s own cellulose synthase and the 

protein is transported to the plasma membrane where T3CPS synthesis occurs. Diagram o f plant cell 

was obtained from Alberts et al., (1994)
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5.10 Limitations

Oral vaccination requires a higher antigen dose than either intranasal or parenteral 

vaccination (Ryan et al 2001) (see §5.10.1). Therefore, the effective use o f plants as 

bioreactors for the production o f  a pneumococcal vaccines depends on the possibility o f 

obtaining high levels o f  antigen that are stable during the life cycle o f  the transgenic plant 

and in subsequent generations (De W ilde et al 2000). The lim itations o f  this study were 

therefore present in the method o f polysaccharide extraction, the tissue analysed for 

expression, gene silencing and also immune tolerance. These will be discussed in the 

following sections.

5.10.1 Tolerance

Repeated exposure to an oral antigen has the potential to produce immunological tolerance 

(Strobel and Mowat 1999). Tolerance is a useful mechanism to prevent autoimmune 

disease and is usually induced with repeated or continuous exposure to high doses o f 

antigen (referred to as high zone tolerance), although some weak im munogens can induce 

tolerance if  given in very small quantities (Strobel and M owat 1999). This means that the 

immune system can fail to react to certain vaccine antigens, especially when administered 

in the context o f  food. However, the antigen dose necessary to induce protection is 

generally smaller than that required to produce tolerance (Tsuji et a l 2001) and, 

furthermore, induction o f  oral tolerance is both time-dependent and dose-dependent 

(W ebster et al 2002). Therefore, as a proviso, plant-derived vaccines expressed in 

commonly consumed foods should not become a component o f  regular diets and, like other 

medicines, should be adm inistered appropriately (W ebster et a l 2002).

Further steps can also be taken to lower the risk o f developing tolerance. For example, the 

use o f an adjuvant (such as cholera toxin) enhances immune responses at mucosal surfaces 

and, reduces the oral dose required to induce an immune response (Giddings et al 2000). 

Delivering the antigen in intact plant material, rather than as a plant extract, may also 

enhance immunogenicity, as the tough plant cell wall and membrane compartments can 

provide increased protection from  intestinal degradation (M odelska et al 1998). High-level 

protein expression in seeds such as rice may also concentrate the antigen and further 

reduce dosing requirements. Furthermore, investigating varied im munisation schedules and 

strategies that combine different routes o f administration, or vaccine types, are known to
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result in enhanced protective immune responses (see §1.6.2.2) (W ebster et al 2002; Gao et 

al 2003). For these reasons, many researchers believe it is unlikely that an edible vaccine 

would lead to oral tolerance (W ebster et al 2002).

5.10.2 Method of polysaccharide extraction

The extraction methods used to obtain type 3 polysaccharide in this study were relatively 

crude compared to those used previously (Gilbert et al 2000; Cartee et a l 2001). This was 

due to time restraints and to avoid disposing o f large quantities o f  the polysaccharide by 

mistake. It was not known where in the plant or cell polysaccharide synthesis would be the 

highest. Originally, the roots were predicted to express higher levels o f  pneumococcal 

polysaccharide, since the continuously growing primary cell wall was assumed to contain 

higher concentrations o f the UDP-precursors (see §1.7.3.1). In practice, we extracted 

polysaccharide from leaf tissue. This was because we were working with parent and FI 

generations and removal o f  the roots may have restricted growth o f  the plant and seed 

development. Leaf tissue was also much easier to obtain. For these reasons, the levels o f 

polysaccharide extracted from plant tissue may not have been optimal.

For future investigations Fry (1988) describes several specific methods for purifying 

polysaccharides from different tissues and cell compartments.

5.10.3 Gene silencing and the problem of engineering a single metabolic step

Transgenic plants are known to suffer periods o f  gene silencing which leads to the 

inactivation or reduced transcription o f  a transgene (De W ilde et al 2000). Napoli and 

colleagues reported that transform ation o f  petunia with extra copies o f  the chalcone 

synthase gene resulted in a block in expression o f  both the transgene and the corresponding 

endogenous gene (Napoli et a l 1990). This was later discovered to be the result o f two 

types o f  silencing that can occur in plants as well as in other eukaryotes: transcriptional 

gene silencing (TGS) and posttranscriptional gene silencing (PTGS) (Lessard et al 2002). 

TGS is based on m ethylation o f  promoters and coding sequences o f  genes, which blocks 

transcription. PTGS is based on sequence-specific, targeted degradation o f particular 

mRNAs (Lessard et al 2002). Gene silencing can be associated to the development stage 

o f  the plant and the plant species used, transient expression o f  the transgene (not stably 

integrated), methylation o f  the gene and the transformation method (De W ilde et al 2000).
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I f  this occurred with cps3S then the plant would synthesise type 3 polysaccharide only in a 

single period o f the plant’s development.

Over the past few years, there has been a growing realisation that m etabolic pathways must 

be studied in the context o f the whole cell rather than at the single pathw ay level, and that 

even the simplest modifications can send ripples throughout the entire system (Capell and 

Christou 2004). We have metabolically engineered a plant to divert the flux o f  the UDP- 

precursors (UDP-Glc and UDP-GlcA) away from cell w all synthesis and to the 

manufacture o f type 3 pneumococcal polysaccharide. This did not appear to effect plant 

growth, but in some cases the plant system has been known to reduce the effects o f 

changing a single enzymatic step in an attempt to restore hom eostasis (Capell and Christou 

2004). This is discussed in §5.11.2.

5.11 The Future

5.11.1 Future experiments

W ith more time available, it w ould have been beneficial to develop a monoclonal antibody 

to type 3 polysaccharide. The polyclonal antibody appeared to cross-react to the wild-type 

plant extract, whereas a monoclonal could eliminate this background effect and make 

detection methods (such as im munodiffusion and immunolabelling) more sensitive.

The work so far has provided several valuable tools for future investigations. For example, 

the bacterial expression vector (pCM S5) could be used to examine protein expression 

without the time consuming task o f  plant culture. Furthermore, due to tim e restraints, the 

full potential o f the gusA marker present in the plant vector pCM S4 was not explored. The 

GUS assay is a widely used reporter system in the study o f  bacteria, animals and plants 

(Gallagher 1992). This is mainly because o f enzyme stability and sensitivity o f  the assay to 

detect 13-glucuronidase (GUS) activity by fluorometric, spectrophotometric, or 

histochemical techniques (G allagher 1992). Gao and colleagues identified transformed 

cherry tomatillo plants by detecting the expression o f GUS in pCAMBIA1301 (Gao et al. 

2003). The tissues were im mersed in X-Gluc (5-bromo-4-chloro-3-indolyl glucuronide), 

which stains GUS-expressing cells blue. The results (shown in Figure 5.9) demonstrated 

that gas A, and therefore the entire T-DNA region, was stably integrated into plant’s DNA, 

since different organs all presented remarkably high GUS activity (Gao et al. 2003). This
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useful adjuvant as it resists the gut’s digestive juices (Richter and K ipp 1999). Yu and 

Langridge fused recombinant rotavirus fragments to CT and created a resistant vaccine that 

could be produced by potatoes (Yu and Langridge 2001).

5.11.2.1 Palatabilitv

As discussed in §1.6.1, novel transformed species, such as banana (M ay et al 1995), com, 

leek (Eady et al 2005), garlic (Eady et al 2005), lettuce, w alnut and others have been used 

recently to investigate in planta recombinant protein expression (Sala et a l 2003). These 

plants benefit from having edible, palatable tissue, which can be fed to animal subjects 

(such as mice) uncooked. Although fresh products are ideal, they m ay have short shelf life 

(Sala et al 2003). Dried food could offer a partial solution, but the best solution (for shelf- 

life, stability and standardisation) could be delivery o f  the vaccine in the form o f  a dry 

powder, which could be mixed with food, for example. This can be achieved by using low 

cost food processing (Sala et al 2003).

Bananas may offer the ideal oral pneumococcal vaccine delivery system. Although some 

researchers (Koprowski and Yusibov 2001) see a fundamental disadvantage with the 

banana system: They grow very slowly and it could take up to 2 years before the 

recombinant antigen levels can be evaluated (Johnson 1996), the advantages include, (a) 

ease o f  feeding, (b) they can be consumed uncooked so the antigen is not at risk o f 

denaturing, (c) and they are grown in many developing countries where cheap vaccine 

technology is vital (Richter and Kipp 1999). This could offer an ideal solution for 

pneumococcal vaccines.

5.11.3 Engineering plants to synthesise all pneumococcal capsular polysaccharides

5.11.3.1 Lessons from the past

The concept o f metabolic engineering in plants has been around since the 1960s when 

unnatural monosaccharides were fed to, and taken up by plant cells, resulting in defined 

alterations in the cell’s biosynthetic output (Dube and Bertozzi 2003). Since then 

significant advances have been made, especially following the development o f  molecular 

biology techniques, and there have already been reports o f  transgenic plants metabolising 

increased levels o f  vitam in E (Shintani and DellaPenna 1998) and C (Sm irnoff 2000; 

Agius et al 2003), amino acids (Kishor et al 1995; Hughes et al 2004), biodegradable 

plastics (Slater et al 1999; Bohmert et al 2000), flavourings (Lewinsohn et al 2001),
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dyes, insecticides, and fragrances (Verpoorte and M emelink 2002). M etabolic engineering 

has also allowed plants to be exploited for their ability to m anufacture polysaccharides o f 

widely varying composition and structure. Details o f the expression o f  some o f  these 

compounds are shown in Table 5.2.

The three basic objectives o f  metabolic engineering in plants are to increase the production 

o f  a specific compound, to down-regulate a specific unwanted com pound, or to produce a 

novel compound (i.e. a molecule that is produced in nature, but not usually in the host 

plant, or a completely novel compound) (Capell and Christou 2004). Initially, researchers 

(like us) engineered single metabolic steps to increase or decrease m etabolic flux to target 

compounds, block competitive pathways or introduce short cuts that diverted metabolic 

flux in a particular way (Capell and Christou 2004). In recent years plant metabolism has 

been successfully engineered to benefit human health (DellaPenna 2001). For example, the 

vitamin E activity o f  Arabidopsis seeds was increased by cloning the final enzyme in the 

synthesis o f a-tocopherol (vitamin E), known as y-tocopherol methyltransferase (y- TMT) 

(Shintani and DellaPenna 1998). Arabidopsis seed, like m ost oilseed crops, naturally 

contains a high proportion o f  y-tocopherol, which has 10 % o f  the vitamin E activity o f  a- 

tocopherol. Expression o f  y-TMT resulted in the conversion o f  the large pool o f y- 

tocopherol to a-tocopherol, which corresponded to a 10-fold increase in vitamin E activity 

(Shintani and DellaPenna 1998).

5.11.3.2 M ulti-gene engineering

As previously discussed (§5.10.2), attention is currently shifting away from single-gene 

engineering strategies recently and towards more complex approaches involving the 

simultaneous expression o f  multiple genes (Capell and Christou 2004). This is because 

methods that divert flux o f  a metabolic pathway in a particular way are thought to have a 

limited value, since the plant system could reduce these effects (by over expression o f host 

genes) in an attempt to restore homeostasis (Capell and Christou 2004).

Already researchers have found success expressing more than one transgene in a given 

individual transformant, resulting in the production o f  completely novel compounds 

(Chabannes et al 2001). Poly(hydroxyalkanoates) (PHAs) are natural polymers with 

thermoplastic properties w hich can be produced by bacterial fermentation (Slater et al

1999). Slater and colleagues introduced four bacterial genes (an entire metabolic pathway),
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Table 5.2 Examples of Metabolic Engineering in Higher Plants

Compound
Gene(s)

or
enzyme

Source Transformed 
plant species

Product 
level (%  
normal)

Reference

Mannitol MtlD E. coli Tobacco,
Arabidopsis 16 (Tarczynski et a l 1992)

100-200

Proline P5CSa Mothbean Tobacco (10-18- (Kishor et al. 1995)
C/3 fold)

U
PR

EG
U

LA
TE

D
 

C
O

M
PO

U
f

Sorbitol Stpdl Apple Tobacco 260 (Tao et al. 1995; 
Sheveieva et al. 1998)

Tryptophan TDCb 
and ASa Arabidopsis Catharanthus

roseus 87 (Hughes et al. 2004)

Vitamin C Gal UR0 Strawberry A. thaliana 2-3 fold (Smirnoff 2000; Agius 
et al. 2003)

Vitamin E y-TMT1 Arabidopsis Arabidopsis 10-fold (Shintani and 
DellaPenna 1998)

Q Pectic galactose EPGe Aspergillus
aculeatus Potato -30 (Oxenboll Sorensen et 

al. 2000)

§  <
O £  
Q O

§ Lignin cadf and 
ccrg Tobacco Tobacco -50 (Chabannes et al. 2001)

C/3

^  S
Biodegradable 
plastics (PHBh)

PhbABC  
and TD

Ralstonia 
eutropha 

and E.coli

Arabidopsis

thaliana n/a (Slater et al. 1999; 
Bohmert et al. 2000)

o 5
z o

o
Type 3
pneumococcal
polysaccharide

Cps3S
S.

pneumoniae

....k ....... :..... r — ...

Tobacco n/a This study

a8-pyrroiine-5-carboxylate synthetase, ^tryptophan decarboxylase, ^NAJDPH-dependent D-galacturonate

reductase, dgamma-tocopherol methyltransferase, eendo-polygalactanase, fcinnamyl alcohol dehydrogenase, 

8cinnamoyl-CoA reductase, hpoly(3-hydroxybutyrate)
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encoding the enzymes 3-ketothiolase, acetacetyl-CoA reductase, and PHA synthase from 

Ralstonia eutropha and threonine deaminase from E. coli into Arabidopsis plants which 

resulted in the production o f poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) a 

useful commercial biodegradable plastic marketed under the trade nam e Biopol (Slater et 

al. 1999). PHBV was shown to accumulate in plant plastids in the leaves o f  Arabidopsis 

plants by redirecting the metabolic flow o f intermediates from  fatty acid and amino acid 

biosynthesis (Slater et al 1999). W hen the genes for only three enzym es were cloned 

another biodegradable plastic, poly(3-hydroxybutyrate) (PHB), was produced and 

accumulated in the plastids o f  transgenic A. thaliana plants at levels exceeding 40 % dry 

shoot weight (Bohmert et al. 2000).

This is a very interesting development as it implies the expression o f multiple 

pneumococcal genes could result in the production o f  all pneum ococcal serotypes in 

planta. Conveniently the genes involved in pneum ococcal capsular polysaccharide 

synthesis are closely linked on the bacterial chromosome, arranged within a single locus 

(cassette) (Caimano et al. 2000) (this was discussed further in §1.7.1). For in planta 

expression, each gene needs to be accompanied by a plant prom oter (such as CaMV 35S 

promoter), yet this implies that cloning a vector coding for all the genes represented in the 

type specific cassettes within a T-DNA region could result in the production o f  capsular 

polysaccharide from all 90 pneum ococcal serotypes. Furthermore, this work could provide 

an essential platform to explore the possibility o f  using the plant glycosylation machinery 

to conjugate bacterial polysaccharide to vaccine carrier proteins. Rigano (2004) has already 

reported the production o f  a fusion o f  two proteins consisting o f  heat labile enterotoxin 

(LT-B) and a 6kDa tuberculosis antigen (ESAT-6) in transgenic Arabidopsis thaliana. I f  

this approach was successful, these two strategies could provide an effective, cheap, 

pneumococcal vaccine antigen that is simple to manufacture and would offer protection 

against all known serotypes o f  pneumococcal disease to all at risk populations.
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