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Abstract 

Prior to routine immunisation, Haemophilus influenzae serotype b (Hib) was a 

major cause of serious bacterial infections, particularly in young children. In 1992, 

immunisation against Hib disease was introduced into the infant vaccination schedule 

along with a catch-up campaign in those aged 1-4 years which resulted in a rapid and 

sustained reduction in invasive Hib disease across all age groups. Since 1999, however, the 

number of reported invasive Hib infections began to rise. In 2006, the routine infant 

immunisation schedule was changed to include a booster immunisation to Hib in the 

second year of life. This had an immediate effect, resulting in a rapid and sustained 

reduction in invasive Hib disease across all age groups.  

Evaluation of the immune response to Hib conjugate vaccines includes the 

measurement of serum antibodies to the Hib capsular polysaccharide (polyribosyl-ribitol-

phosphate  (PRP)) by ELISA, with accepted short term and long term levels of ≥0.15 

µg/mL and ≥1.0 µg/mL, respectively. The relevance for protection in children who have 

been primed with glycoconjugate vaccines remains unclear, as these levels were derived by 

passive immunisation, or immunisation with pure polysaccharide. Therefore the aim of this 

project was to develop and optimise a serum bactericidal antibody (SBA) assay for the 

evaluation of Hib conjugate vaccines. 

In order to assess the functional activity of Hib antibodies, we developed, optimised 

and evaluated a serum bactericidal antibody (SBA) assay. Validation of the Hib SBA assay 

was deemed acceptable in all assay parameters tested. In vaccinated adults, a strong 

correlation (r=0.81) between anti-PRP IgG concentrations and SBA titres were shown. The 

optimised Hib SBA assay was tested on sera from infants immunised under the current UK 

2-3-4-12 month schedule. Good correlations between anti-PRP IgG concentration and SBA 
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titres were shown. (r=0.635, post primary, r=0.746, post booster). A predictive SBA titre 

of 8 was calculated using the established correlates of protection. 

As Hib strains may contain multiple capsular loci, we also performed the SBA 

assay with strains expressing 1-5 copies of the cap b locus using convalescent sera from 

children with Hib vaccine failure. Geometric mean SBA titres for 1, 2, 3, 4 and 5 copy 

strains were 46, 24, 43, 55 and 20, respectively. There was no strong association between 

the number of cap b copies and SBA titres. Although an increased capsule may be an 

advantage, antibodies to other surface antigens may play a role in clearance. 
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1.0  Introduction 

Haemophilus influenzae (Hi) is a non-spore- forming Gram-negative coccobacillus 

in the family pasteurellaceae. It requires two accessory factors for growth which are 

present in erythrocytes, specifically X factor (haemin) and V factor (nicotinamide adenine 

dinucleotide (NAD)). The requirement of both these factors characterise Hi from any other 

Haemophilus species such as H. parainfluenzae (Tebbutt, 1983). Haemophilus influenzae 

type b (Hib) is an important pathogen in children worldwide particularly those under the 

age of five years (Ladhani, 2012). Prior to 1992, when Hib conjugate vaccines were 

introduced into the UK, Hib was the leading cause of meningitis as well as a common 

cause of pneumonia, epiglottitis, pericarditis, bone and joint infections, and cellulitis (Todd 

and Bruhn, 1975). Hi was first identified as a pathogen in 1883 by Robert Koch. During 

the 1889 influenza pandemic, Richard Pfeiffer isolated Hi from post-mortem cultures 

(referred to as ‘Pfeiffer’s bacillus’), and it was mistakenly thought to be the causative 

organism of influenza (Heath and McVernon, 2002). During the influenza pandemic of 

1918, it was discovered that Hi was not the causative organism of influenza and was 

recognised as a separate entity (Olitsky and Gates, 1921). In 1920, Winslow et al. (1920) 

renamed the organism Haemophilus influenzae to emphasise its requirement for blood 

derived factors (X and V) for growth (Haemophilus meaning blood loving) and to 

acknowledge its historical association with influenza. 

 

 1.1  Classification 

Hi can be classified into encapsulated (typeable) and non encapsulated (non-

typeable) strains (Pittman, 1931). Encapsulated strains produce a polysaccharide capsule 

which has been classified based on antigenic differences into 6 serotypes (a-f).  

Encapsulated strains possess the genes for capsule production within their capsulation 
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(cap) locus. The cap locus for all Hi serotypes consists of three functionally defined 

regions: 1, 2, and 3 (Satola et al., 2003). Region 2 genes are involved in capsular 

biosynthesis and are unique to each of the six capsule types (Satola et al., 2007). Regions 1 

and 3 are common to all six capsule types and contain genes necessary for the processing 

and transport of capsular material and surface expression (Satola et al., 2007). Non 

encapsulated strains lack a polysaccharide capsule due to the absence of the genes for 

capsule production (St. Geme and Falkow, 1991). Among the typeable strains, serotype b 

(Hib) has been responsible for most Hi meningitis cases (Watt et al., 2009). Hib has greater 

pathogenic potential than any other encapsulated Hi strains due to the capsule consisting of 

a repeating polymer of ribosyl and ribitol phosphate (polyribosyl-ribitol-phosphate (PRP)), 

which is known to be especially effective at enabling the organism to evade complement-

mediated killing and avoiding splenic clearance (Swift et al., 1991). The region of the Hib 

chromosome known as the cap b locus is involved in PRP capsule expression (Hoiseth et 

al., 1986).  Most Hib isolates contain a partial duplication that results in two complete 

copies of regions 2 and 3, one complete copy of region 1, and a truncated copy of region 1, 

with a 1.2- kb deletion within the bexA gene and IS1016, which is thought to stabilise 

capsule production (Satola et al., 2003). Although, most Hib isolates contain 2 copies for 

detectable capsular expression (Noel et al., 1996),  isolates with 3 or more copies of the 

cap b locus have been obtained from patients with invasive disease (Cerquetti et al., 2005).   

Hi can be classified further into eight biotypes (I-VIII) on the basis of indole 

production, urease activity, and ornithine decarboxylase reactions, to study the pattern of 

colonization, and to identify the strains of bacterium commonly known to be pathogenic 

(Munson and Doern, 2007). Biotype I has shown to be predominant amongst typeable 

strains in particular serotype b (Sharma et al., 2002). Biotypes II and III are commonly 
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associated with non typeable strains and upper respiratory tract infections (Jain et al., 

2006). 

 

1.2  Virulence factors 

1.2.1  Hib Pili 

The first step in the pathogenesis of invasive Hi infections is asymptomatic 

colonisation of the nasopharynx (McCrea et al., 1998). Pathogenic bacteria are specifically 

adapted to bind to their host. Both encapsulated and non encapsulated strains express 

adhesive pili that mediate the binding of Hi to human erythrocytes and to specific human 

epithelial cells (Gilsdorf et al., 1997). This allows colonisation of the human respiratory 

tract, thus promoting its ability to establish infection (Watson et al., 1994). Pili expression 

in Hib was first identified in 1982 where a correlation between piliation and increased 

levels of attachment to human oropharyngeal epithelial cells and agglutination of human 

erythrocytes was reported (Pichichero et al., 1982). By amino acid sequence analysis of 

strain Eagan, pili were found to contain 196 amino acids similar to structures of adhesive 

pili from other organisms including the Escherichia coli P pilus, type 1 pilus and F17 pilus 

subunits (Guerina et al., 1985). 

 

1.2.2  Lipopolysaccharide/Lipooligosaccharide 

The lipopolysaccharide (LPS) is an essential characteristic surface component 

(Schweda et al., 2007) and has been implicated to be a major contributory factor in the 

organism’s ability to cause invasive disease (Humphries and High, 2002). LPS is common 

to gram negative bacteria and is one of the main constituents of the outer membrane. It has 

been demonstrated that LPS is required at several stages in the pathogenesis of invasive 

disease including colonisation of the upper respiratory tract (Hood et al., 1996) and 
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systemic dissemination (Maskell et al., 1992). LPS can also be referred to as the 

lipooligosaccharide (LOS) as the bacterium has been found to express short chain LPS, 

lacking O-specific polysaccharide chains (Humphries et al, 2002).  LOS is subject to phase 

variation due to the spontaneous loss and gain of oligosaccharide structures situated in the 

outer core (Kimura et al., 1986). The phase variable expression of LOS biosynthesis genes 

enables individual strains of Hib to express a wide variety of different LOS structures 

allowing the organism to adapt to diverse host environments (Humphries et al., 2002; Van 

Alphen et al., 1990).  Sialylation of the LOS enables Hib to evade the lytic effects of 

human serum, playing an important role in the survival of this pathogen (Jones et al., 

2002). 

 

1.2.3 Outer membrane proteins 

Bacterial lipoproteins form a group of structurally and functionally diverse 

proteins. They may be potent immunomodulators for both B cells and T cells (Yang et al., 

1997), act as adhesins in colonisation (Hultgren et al., 1993) as well as be involved in the 

cell wall nutrient transport system and sensory signal system (Tam and Saier, 1993). Outer 

membrane proteins have become of great interest as possible vaccine candidates especially 

for non typeable Hi (NTHi) as they play a major role in virulence and survival (Van 

Alphen et al., 1990).  

Outer membrane proteins (OMP) P1 and P2, have shown to bind complement 

component C3 during opsonisation of Hib. Anti-P1 and anti P2 antibodies have shown to 

be bactericidal, making these proteins promising vaccine candidates for NTHi 

(Hetherington et al., 1993). Outer membrane protein P5 is a heat modifiable, antigenically 

variable protein. It has been reported to bind to the sialic acid residues on mucin and has 
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been implicated in colonisation and pathogenesis (Hill et al., 2001). Outer membrane 

protein P4 is essential for the utilisation of V factor (NAD) and is therefore essential for 

growth of Hi, deletion of which, results in growth deficient serotypes (Kemmer et al., 

2001). Protein D has been of great interest in vaccine development as it is present in every 

Hi strain. It is antigenically invariable and has been an attractive candidate for a NTHi 

vaccine and as for use as a carrier protein in glycoconjugate vaccines (Hetherington et al., 

1993).  A 10-valent pneumococcal glycoconjugate vaccine with protein D as the carrier 

protein (Synflorix, GSK) has been shown to be immunogenic and safe. The licensure of 

Synflorix has established the use of protein D as an alternative carrier protein (Lagos et al., 

2011).  

 

1.2.4  IgA1 proteases 

Bacteria which produce IgA1 protease are able to cleave specific peptide bonds in 

the human immunoglobulin A1 (IgA1) hinge region (Mistry and Stockley, 2006).  

Proteolytic enzymes have been found in several species of pathogenic bacteria such as 

Streptococcus pneumoniae, Neisseria meningitidis, Neisseria gonorrhoeae and Hi (Mulks 

et al., 1980). IgA1 proteases are thought to be an important virulence factor as destroying 

the structure and function of human IgA1 is detrimental to host defence during infection. 

 

1.2.5  Iron and Heme uptake  

The requirement for iron is ever present for all living cells. In the human host iron 

is bound to the iron binding glycoproteins lactoferrin and transferrin. Intracellular, they are 

secreted as heme containing proteins such as haemoglobin and cytochromes (Lee, 1992). 

Therefore, free irons are not ready available and bacteria encounter a hostile, iron restricted 

environment. Hi has evolved to develop high affinity iron acquisition mechanisms which 
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are capable of sequestering the glycoprotein bound iron. These systems are comprised of 

low molecular mass iron chelators (siderophores) and their outer membrane receptors 

(Williams et al., 1990). 

 

 

1.3  Pathogenesis and disease 

 

 

  Hib succeeds as a commensal of the human respiratory tract, where it can spread 

from host to host occasionally causing disease in the immunocompromised and the very 

young. Hib is spread from person to person via respiratory droplets and through direct 

contact with respiratory secretions (Moxon, 2009). Hib enters the body via the respiratory 

tract and colonises the pharyngeal mucosa (Ulanova and Tsang, 2009). Colonisation in the 

nasopharynx can range from weeks to months and historically, before the introduction of 

glycoconjugate vaccines, persons would encounter and carry Hib in early life (Michaels 

and Norden, 1977). In the pre Hib vaccine era 3-5% of healthy preschool aged children 

were asymptomatic carriers of Hib (Michaels et al., 1976). Several factors have been 

associated with increased rates of carriage and disease. These include; age (McVernon et 

al., 2008), season of the year (Howard et al., 1988), presence of a respiratory virus 

infection (Long et al., 1983), family size, and overcrowding. (Turk, 1975; Ward et al., 

1978). Most patients with Hib disease have not been in close contact with a person with 

invasive Hib disease and thus, asymptomatic carriers are the major source of infection 

(Ward et al., 1978).  

  Hib has the potential to cause fatal diseases, the most common being meningitis. 

The events that occur between initial mucosal colonisation and bacteraemia are unclear and 

remain under investigation. To enter the blood stream the organism must penetrate 

basement membrane and subepithelial tissue, where it can enter the endothelium or a blood 

vessel (Barbour, 1996). The organism may also be transported to regional lymph nodes 
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where it may enter the systemic circulation via the lymphatics (Rubin and Moxon, 1983). 

Possible mechanisms for entry to the circulation include the ingestion of Hib by 

polymorphonuclear leukocytes or macrophages with the Hib bacterium surviving 

internalised (Jacobs et al., 1982). Another theory is that an intense inflammatory response 

may cause disruption to the mucosal barrier allowing entry into the capillaries (Rubin and 

Moxon, 1983). Once Hib has maintained survival in the blood, it can disseminate to distant 

sites such as the meninges by penetration of the blood brain barrier and entry into the 

cerebrospinal fluid (CSF) (Filippidis and Fountas, 2009). 

Hib meningitis shares the same symptoms as other kinds of bacterial meningitis. In 

older children and adults the early stages of disease present with fever, headache, and 

vomiting similar to that of other mild illnesses. A stiff neck and photophobia, which 

characterises meningitis, usually happens later with the patient becoming becoming 

confused or delirious and seizures may occur. In infants symptoms include a refusal to 

feed, irritability, with high pitched crying, a blotchy pale or bluish rash, and fever. A 

purpuric rash is not always seen with Hib meningitis that is typical of a meningococcal 

infection. Following bacterial meningitis patients can develop serious and permanent 

sequelae such as hearing loss, vision loss, seizures and cognitive delay (Ramakrishnan et 

al., 2009).  

 

1.4  Laboratory Diagnosis and Identification 

 

Any patient presenting with signs and symptoms of meningitis should have a 

lumbar puncture performed and CSF evaluated for cell count, protein and glucose 

concentration. Hib can be cultured from CSF, blood or other infected bodily fluids onto 

chocolate agar with a temperature of 35-37°C and a 3-5% CO2 environment (Levine et al., 

2000). To confirm Haemophilus species an X and V factor dependency test is performed. 
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Polymerase chain reaction (PCR) techniques are used to identify Hi species and as 

confirmatory tests on isolates from clinical specimens. Biotyping is performed using API 

test kits to establish species identification in the Haemophilus genus. From the API strip, 

Hi can be classified into distinct biotypes (Munson and Doern, 2007). To confirm the 

serotype i.e. type b, a latex particle agglutination (LPA) test is used. Latex particle 

agglutination tests use latex particles coated with specific antibody and a visible 

agglutination reaction appears if a homologous antigen is presented to the bound antibody. 

This is a reliable, sensitive technique (90-100%), which allows detection even when a 

patient has negative CSF cultures because of recent antimicrobial therapy (Welch and 

Hensel, 1982). LPA is extremely rapid, practical, relatively inexpensive (Ajello et al., 

1987), and can detect 1 ng or less of PRP/mL in clinical specimens (Macone et al., 1985).  

Following laboratory identification, pure cultures are sent on a chocolate agar slope to the 

Haemophilus Reference Unit (HRU), Health Protection Agency (HPA) to confirm the 

type. The HRU offers identification, serological typing and capsular genotyping of 

invasive strains of Hi. The HRU requests submission of all Hi isolated from blood culture 

or other normally sterile sites as part of the surveillance of invasive disease due to Hi 

infections and Hib vaccine failures in children 

(http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/HaemophilusInfluenzaeT

ypeB/InvasiveHaemophilusDiseaseAdviceForCliniciansAndMicrobiol/). 

 

1.5  Treatment 

Bacterial meningitis needs rapid treatment and fast admission to hospital. Usually 

patients with suspected meningitis will be given an extensive course of antibiotics before 

confirmation by laboratory testing as a clinician cannot wait a day or longer for definitive 

culture results. Hib produces beta-lactamases and has gained resistance to the penicillin 
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family of antibiotics by modification of its penicillin binding proteins (Semczuk et al., 

2004). Ampicillin was the drug of choice for the treatment of Hib infection, however, due 

to the development of resistance, highly active third-generation cephalosporins (e.g. 

ceftriaxone) are used (Jain et al., 2006). Ceftriaxone is the first drug of choice as it is very 

effective, and achieves good concentrations in the meninges and cerebral tissues (Jain et 

al., 2006). Rifampicin has also been shown to be highly effective at eliminating carriage 

and preventing secondary infection. (Ladhani et al., 2009).  

 

1.6  Epidemiology  

 

A large number of epidemiology studies in the pre-vaccine era have been carried 

out worldwide. Although there have been wide variations in the annual incidence of 

disease especially among high risk groups, there have been consistent findings of increased 

risk of invasive disease in children less than 2 years of age correlating with the absence of 

anticapsular polysaccharide antibody (Anderson et al., 1995).  A surveillance study carried 

out by Booy et al. (1993) in the Oxford region of the UK showed that over a seven year 

period (1985-1991) 416 cases of invasive Hib disease were ascertained in children < 10 

years of age, 405 cases of these cases were in children < 5 years of age, and 295 of these 

cases were in children < 2 years of age. Disease incidence was found to be highest in 

children less than 1 year when the concentration of antibody to the PRP type b capsule is at 

its lowest (Booy et al., 1993).  A prospective population based study carried out in Wales 

between 1980 and 1990 showed similar findings to the Oxford study (Howard et al., 1991). 

A total of 207 cases of invasive Hib disease occurred in Wales between 1988 and 1990. 

The most common clinical manifestation in children was meningitis. Again, like the 

previous study, most patients were under 5 years of age and the highest incidence of 

disease was in children < 1 years of age. The annual incidence of invasive Hib disease 
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(1988-1990)  in children < 5 years was 34.6/ 100 000. The annual rate of infection was 

found to be 12-44% higher in four Welsh counties to that previously reported for the 

United Kingdom (Howard et al., 1991; Booy et al., 1993). 

Similar levels of attack rates have been reported in other European countries.  In all 

Scandinavian countries most invasive Hib disease occurs before the age of five years. The 

disease incidence of Hib meningitis before the introduction of Hib glycoconjugate vaccines 

was estimated to be 26-35/100 000 per year in Denmark, Norway, Finland and Sweden, 

however higher attack rates (43/100 000) have been reported for Iceland. The yearly 

incidence of all invasive Hib disease in the pre vaccine era was estimated to be 50-65/100 

000 in Scandinavia, higher than reported for the UK (Claesson., 1993). 

   In the pre Hib vaccine era, Hib was the leading pathogen causing meningitis in the 

US, with reported rates of 60-100/100 000 in children less than 5 years of age (Millar et 

al., 2000).  The highest burden of Hib disease has been reported in American Indian 

(Navajo and White Mountain Apache), Aboriginal children, and Alaskan natives, and these 

populations have a 5-10 % higher disease incidence than the general US population 

(Coulehan et al., 1984; Santosham et al., 1991; Santosham et al., 2007). Among Navajo 

children, the incidence of disease was 214/ 100 00 in children < 5 years of age (Coulehan 

et al., 1984). Whilst in Alaskan Eskimos the incidence was 491/100 000 in children < 5 

years of age (Ward et al., 1981). Furthermore, a three year study carried out in the 

Northern territory of Australia estimated the annual incidence of invasive disease to be ~ 

450/100 000 children < 5 years of age in Aboriginal children and ~88 /100 000 in non-

Aboriginal children (Gilbert, 1991). 

  Hib still causes a large number of deaths among children in developing countries 

despite the availability of an effective vaccine. Studies carried out in Africa have shown 

attack rates twice as high of that of the UK (Bijlmer and Van Alphen., 1992; Cowgill et al., 
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2006). Poor diagnostic facilities limit the awareness of disease burden and the high cost of 

this vaccine is a major obstacle in its implementation into routine immunisation schedules 

in these countries (Feikin et al., 2004). Currently the World Health Organization (WHO) 

estimates that Hib causes approximately 3 million cases of serious disease each year and 

approximately 386,000 deaths annually (WHO position paper, 2006). The global burden of 

Hib disease remains substantial, yet almost entirely vaccine preventable. Most deaths occur 

in developing countries in Africa and Asia, which account for an estimated 61% of 

childhood Hib deaths as shown in figure 1.1 (Watt et al., 2009).  
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Figure 1.1 Global disease burden of Hib disease 

 

Figure 1.1 shows Hib deaths in children aged 1-59 months per 100,000 children (HIV negative Hib deaths only) in the year 2000. Actual 

estimates that year of 8.13 million serious illness and 371,000 deaths in children< 5 years (Watt et al., 2009).  
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1.7 Natural immunity 

 

Serum antibodies against the capsular polysaccharide (PRP) play a major protective 

role against Hib infection. The detection of these antibodies in immunoassays such as the 

enzyme-linked immunosorbent assay (ELISA) have been used to estimate protective levels 

of immunity to Hib disease (Barra et al., 1988). Without vaccination, development of 

serum antibodies to the Hib polysaccharide usually begins from approximately 2 years of 

age via carriage of Hib and other bacteria that have cross-reacting polysaccharide 

structures (Fothergill and Wright, 1933; Leino et al., 2002). 

 

1.8  Polysaccharide vaccines 

The first Hib vaccine to be tested in the field was a capsular polysaccharide vaccine 

(containing 25 µg of capsular polysaccharide per dose). A large field study in Finland, 

carried out in 1974, found the vaccine to have a 90% efficacy in children aged 18-71 

months but was poorly immunogenic in the very young (Makela et al., 1977). Protection of 

infants is important and the polysaccharide vaccine only provided protective immunity in 

45% of children < 18 months of age. This is in part due to the concentration of antibodies 

falling rapidly in children immunised before 24 months of age as well as the poor 

immunogenicity in this age group. Because of this, vaccination with polysaccharide was 

not recommended until children reach 24 months of age (Peltola et al., 1977). Bacterial 

polysaccharides are classified as Thymus-independent type 2 (TI-2) antigens which mostly 

stimulate antibodies of the IgM isotype and no induction of immunological memory and 

the antibodies are usually of short duration (Deauvieau et al., 2009).   
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1.9  Conjugate vaccines 

Combining properties of the bacterial polysaccharide with a carrier protein 

(conjugation) enhances the immunogenicity of these vaccines, generating a protective 

response in the very young (Makela et al., 2003). Conjugating a polysaccharide to an 

immunogenic carrier protein converts the polysaccharide to a thymus dependent antigen 

(Lesinski and Westerink, 2001) leading to efficient B cell activation, isotype switching 

(IgM to IgG) and induction of memory (Deauvieau et al., 2009). An accepted theory is that 

the carrier protein in the glyconjugate vaccine is processed in the endosome of the B cell, 

from which, protein derived peptides are presented with major histocompatibility complex 

II (MHC II) on the surface of the Antigen presenting cell to the T cell. Cytokines are then 

produced yielding clonal expansion of polysaccharide specific B cells, producing IgG anti-

polysaccharide antibodies and establishing memory B cells, illustrated in figure 1.2 (Lai 

and Schreiber, 2009; Avci et al., 2011).  
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Figure 1.2:  T cell dependent B cell activation 

 

 

 

Schematic representation of the processing and presentation of glycoconjugate vaccines. 

The B cell recognises the polysaccharide-protein conjugate specific to the B cell receptor 

(BCR) and binds. The protein portion is internalised in the endosome of the B cell to 

release peptides, leading to expression of preliminary antibodies (IgM). The B cell will 

‘present’ the peptide on the cell surface attached to major histocompatibility complex II 

(MHC II). The CD4+ ‘helper’ T cells recognise the peptide bound to the MHCII leading to 

further co-stimulatory ‘danger’ signals (Interleukin 4 (IL4) and Interleukin 2 (IL2)) being 

sent via other receptors, leading to T cell activation, which secrete cytokines. Interactions 

between the B cell and the T cell in combination with the actions of cytokines, stimulate B 

cell maturation inducing isotype switching (IgM to polysaccharide specific IgG), and B 

cell memory (Avci et al., 2011). 
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Safe and effective Hib conjugate vaccines have been used since the late 1980s. 

Where introduced for routine use, virtual elimination of Hib disease has been achieved 

(Dagan et al., 1999; Ramsay et al., 2003; Rossi et al., 2007; Ojo et al., 2010).  Four 

conjugate vaccines for Hib have been developed, differing in the carrier proteins. They are: 

diphtheria toxoid (PRP-D), tetanus toxoid (PRP-T), a mutant diphtheria toxin, CRM 197 

(HbOC), and an outer membrane protein complex of the B11 strain of Neisseria 

meningitidis serogroup B (PRP-OMP) (Griffiths et al., 2012). 

Hib conjugate vaccines were the first glycoconjugate vaccines to be included in the 

UK childhood routine immunisation schedule (Heath and McVernon, 2002). Initially the 

vaccine was given at 2, 3, and 4 months with no booster dose in the second year of life.  At 

the same time a 12 month catch up campaign took place to vaccinate older children who 

were at risk of invasive Hib disease under four years of age. Three doses were given to 

infants between 4 and 12 months of age and one dose given to children aged 12-48 months 

(Ladhani et al., 2008). This vaccination schedule reduced invasive Hib disease incidence 

dramatically from 21-44/100,000 infants < 5 years of age in 1991 to 0.63/100,000 in 1998. 

A decline in Hib infection was also reported in older children and adults. This was 

probably due to a reduced asymptomatic pharyngeal carriage rate in vaccinated children, 

reducing transmission, leading to herd protection (Ladhani et al., 2008). No booster was 

included as earlier clinical trials confirmed that the vaccine was well tolerated and 

efficacious, producing antibody consistent with protection (≥0.15 µg/mL) in almost all 

children when given with a  combined diphtheria, tetanus, whole cell pertussis (DTwP) and 

oral polio vaccines (Booy et al., 1992).  

In 1999, the number of reported cases of invasive Hib disease began to rise in the 

UK. A year by year increase in disease in children < 5 years of age peaked at 120 cases in 
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2002.  The reasons for the increase included a wearing-off of the initial catch up campaign, 

and a decline in vaccine effectiveness in those vaccinated in infancy (Trotter et al., 2003). 

Secondly, Hib conjugate vaccines reduce pharyngeal carriage therefore eliminating the 

chance of natural immune boosting to sustain antibody levels (Ladhani et al., 2010c). As 

well as this, a temporary change in the Hib vaccine combination from a whole cell 

pertussis (DTwP/Hib) to a 3 component acellular pertussis (DTaP3/Hib (Infarix-Hib, 

GSK)) was also thought to play a role in reduced immunogenicity (McVernon et al., 

2003). Due to the increase in disease, a Hib vaccination booster campaign was conducted 

between May and September 2003 which offered one dose to all children aged six months 

to four years. This had an immediate effect, quickly reducing the number of cases across 

all age groups (Ladhani et al., 2008).  

In 2004, the recommended childhood immunisation schedule was changed from 

DTwP to a vaccine containing DTaP, inactivated polio and Hib (DTaP5/Hib/IPV, Pediacel, 

Sanofi Pasteur). The acellular pertussis components used in this vaccine is different to the 

one used previously which contributed to the rise in disease. Pediacel contains five purified 

pertussis antigens, a formulation shown to produce satisfactory protective antibody levels 

under the UK 2, 3, 4 month primary immunisation schedule (Kitchin et al., 2007). In 

September 2006, the Department of Health introduced a booster dose of a combined Hib-

Meningococcal serogroup C glycoconjugate vaccine (Menitorix, GSK) into the national 

immunisation programme at 12 months of age. A catch up campaign was also introduced 

for children too young for the 2003 booster campaign and too old to receive the scheduled 

12 month booster dose (Ladhani et al., 2009). Invasive Hib disease in the UK is currently 

at an all time low as shown in Figure 1.3.
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Figure 1.3 Laboratory confirmed cases of Hib from England and Wales, 1990-2010. (Health Protection Agency) 

 

This figure shows the laboratory confirmed cases of Hib from England and Wales, 1990-2010. Hib disease fell rapidly after 1992 when Hib 

glycoconjugate vaccines were introduced. A steady increase in disease starts from 1999 peaking in 2003. After Hib vaccination catch up 

campaign,  Hib infection rates declined to levels similar to that as just after the initial introduction of the Hib glycoconjugate vaccines. (Health 

Protection Agency 

http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/HaemophilusInfluenzaeTypeB/EpidemiologicalData/HibGraph/23/07/12)



 35 

The WHO recommends that all countries should introduce Hib vaccine into their 

immunisation schedules. Hib conjugate vaccines have been proven safe and effective, and 

can almost eliminate disease in countries where they are routinely used. Hib causes around 

3 million cases of serious disease and 386,000 deaths annually, them all being vaccine 

preventable, making Hib a target for global elimination (WHO factsheet December, 2005). 

Soon after licensure, Hib glycoconjugate vaccines were quickly introduced into North 

America and Western Europe, however, in developing countries the introduction of Hib 

vaccines has been slow. The high cost, limited vaccine supply and uncertainty/lack of data 

on disease burden have been factors affecting the introduction of the vaccine (Watt et al., 

2009). 

In 2005, the GAVI alliance (Global Alliance for Vaccines and Immunisation) 

created the Hib initiative to expedite and sustain evidence-informed decisions regarding 

the use of Hib vaccination in GAVI eligible countries, to prevent childhood meningitis and 

pneumonia. The GAVI alliance provides support to national governments through the 

GAVI fund with a result that countries with a Gross national income per capita below US 

$1,000 in 2003 qualify for support. Uptake for Hib containing vaccines has now increased 

dramatically from 2007. A total of 72 countries are eligible for vaccine support, and 68 

countries qualify for the Hib conjugate vaccines. As of January 2009, 58 of these 68 

countries had their applications approved 

(http://fr.gavialliance.org/performance/commitments/haemophilius/index.php). Almost all 

high income countries and GAVI eligible countries have introduced Hib conjugate 

vaccines or have been approved, yet only 45% of the world’s children were fully 

vaccinated with the Hib vaccine at the end of 2009. This is largely due to the fact that a 

few countries with large birth cohorts such as India and China have not yet introduced the 

http://fr.gavialliance.org/performance/commitments/haemophilius/index.php
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vaccine.  Therefore, additional efforts are still needed to increase vaccination in lower 

middle income countries (Ojo et al., 2010). 

 

1.10  Immunological Evaluation 

The immunological evaluation of responses to Hib vaccination usually includes the 

measurement of serum antibodies to the capsular polysaccharide (PRP) (Amir et al., 

1990a). The short term protective level of ≥0.15 µg/mL of anti-PRP antibody and ≥1 

µg/mL for long term protection has been established by antigen binding assays such as 

enzyme linked immunosorbent assay (ELISA) and radioantigen binding assay (RABA) as 

shown in Figure 1.4 (Käyhty et al., 1983; Santosham et al., 1987; Phipps et al., 1990). 

These values have been established through animal studies, studies of passive 

immunisation (Santoshma et al., 1987), analysis of natural immunity (Robbins et al., 

1973), and through the early Hib vaccine efficacy trials with Hib polysaccharide vaccines 

(Peltola et al., 1977). Since these levels have been established through immunisation with 

pure polysaccharide or passive immunisation, the relevance to infants vaccinated with 

glycoconjugate vaccines remains uncertain (Goldblatt et al., 1998). In 1933, Fothergill and 

Wright described an inverse relationship between the occurrence of Hib meningitis and the 

presence of bactericidal activity against the pathogen in blood. They found that Hib 

meningitis was rarely seen in infants under 2 months when maternal antibodies are present 

or beyond six years of age when natural immunity has been induced. What is more, they 

found that children between two months and three years had practically no bactericidal 

activity where Hib disease was highest. Bactericidal activity rises above three years staying 

constant in adult life as shown in Figure 1.5 (Fothergill and Wright, 1933). 

Although measurement of antibodies through RABA and ELISA provide a good 

measure of immunogenicity for vaccine evaluation, the results do not predict functional 
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and possibly protective activity of these antibodies. These assays provide a good 

assessment of the immune response but high/low avidity antibodies may go undetected. 

One limitation in determining protective antibody levels is that there is variability in the 

isotype distribution of antibody among individuals. A combination of IgM, IgG and IgA 

has been shown to be elicited by immunisation with Hib. IgG in the presence of 

complement has shown to have opsonic and bactericidal activity, IgM has shown only to 

be bactericidal, and IgA having neither activity (Amir et al., 1990a; Schreiber et al., 1986). 

In addition, antibodies of the same isotype may also result in different functional activity. 

A study by Amir et al. (1990b) found that IgG1 anti-PRP antibody was functionally more 

effective that IgG2 antibody although both subclasses were protective.  Antibody function 

can be measured by a serum bactericidal antibody (SBA) assay which measures the titre of 

antibodies that bind to the specific target strain and fix complement onto the bacterial 

surface, initiating complement mediated lysis. The SBA assay is reliable and reproducible 

when evaluating the humoral response following vaccination (Schlesinger et al.,1992). 
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Figure 1.4 The protective level of serum antibodies to the capsular polysaccharide of Hib. 

 

 

Figure 1.4 (a) shows the incidence of meningitis due to Hib (               ). Both graphs show 

the protective effect of the Hib polysaccharide vaccine compared with the percentage of 

the population at each specified age having anti-Hib polysaccharide (anti-Hib) antibody 

levels exceeding 0.15 µg/mL (a) and 1.0 µg/mL (b) before and after immunisation. In the 

non vaccinated population, a good inverse correlation is shown between the anti-Hib level 

of 0.15 µg/mL and disease incidence, suggesting that this concentration of antibody is 

sufficient for protection against bacterial infection. However, in the vaccinated population 

the correlation is less good with 80% of infants aged 12-17 months reaching this level after 

vaccination, without being protected from Hib disease. A concentration of 1.0 µg/mL gives 

a better correlation with protection (Käyhty et al., 1983).  

 

a)

a) 

b) 
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Figure 1.5 The inverse relationship between Hib disease and bactericidal activity 

 

 

 

 

Figure 1.5 shows the inverse relationship between Hib disease and bactericidal activity of 

blood. The dash line shows cases of Hib disease from infancy to adult life. Solid line 

shows the bactericidal activity of blood which is able to kill Hib in the presence of 

phagocytes (Fothergill and Wright, 1933). 
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1.11  The complement system 

 

The complement system is the first line of defence and an important part of the 

innate immune system. Activation of the complement system by one of three pathways 

leads to a cascade of protein activation and deposition on the surface of the pathogen, 

resulting in the formation of the membrane attack complex (MAC) (Zipfel et al., 2007; 

Trouw et al., 2003). Invading pathogens activate the complement system either 

spontaneously due to foreign envelope or membrane composition (Alternative pathway and 

Lectin pathway) or through antibody binding (Classical pathway) (Wurzner, 1999). All 

three pathways follow the same terminal pathway leading to lysis of the pathogen as shown 

in the Figure 1.6. 

 For pathogens to establish disease in the human host, they must be able to avoid, 

resist and neutralise host defences including the complement system. The complement 

system is tightly regulated to avoid extensive host tissue damage. Important regulators of 

the complement system are Factor H (FH), Factor H-Like protein-1 (FHL-1) (Alternative 

pathway), C4b binding protein (C4BP) (classical/Lectin) and Vitronectin (Terminal 

pathway) (Alexander and Quigg, 2007).  Factor H is a 150 kDa fluid phase protein which 

regulates the alternative pathway. A glycoprotein in plasma, it is able to regulate both in 

fluid phase and on cell surfaces by inactivating C3b (Hallstrom et al., 2008). Binding of 

human Factor H via bacterial surface proteins leads to the down regulation of the 

alternative complement system therefore enhancing serum resistance of the pathogen. 

Binding of this protein is an important mechanism for survival in the human host (Jiang et 

al., 2010). Encapsulated Hi strains have been shown to bind FH and FHL-1 (a product of 

alternative splicing of the FH gene). A study by Hallstrom et al. (2008) showed that Hib 
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strains with low Factor H binding were more sensitive to killing by human serum, than 

those strains which had strong binding. This suggests that binding Factor H is an important 

survival strategy for this pathogen to evade complement-mediated attack (Hallstrom et al., 

2008). Factor H has been a protein of much interest, as Factor H binding protein on the 

surface of Neisseria meningitidis has shown to be a promising vaccine candidate for group 

B strains (Lucidarme et al., 2011).  In addition to Factor H, Hib has also been shown to 

bind vitronectin. It has been suggested that binding vitronectin would play a protective role 

from bacteriolysis following opsonisation due to interactions with the complement C5b-9 

complex (Eberhard and Ullberg, 2002).   
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Figure 1.6 The complement system      

                                                   

 

 

 

Figure 1.6 shows the complement system. All 3 pathways lead to the formation of the C3 

convertases, cleaving C3 to 3a and 3b. C5 convertases are formed, leading all three 

pathways into the same terminal pathway resulting in cytolytic MAC. The complement 

system is tightly regulated to avoid extensive host tissue damage (Trouw et al., 2003).
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1.12  Aims and objectives 

Evaluation of the immune response to Hib conjugate vaccines includes the 

measurement of serum antibodies to the Hib capsular polysaccharide (PRP) by ELISA with 

accepted short term and long term levels of  ≥0.15 µg/mL and ≥1.0 µg/mL, respectively. 

Their relevance for protection in children who have been primed for memory response 

remains unclear, as these levels were derived by passive immunisation or immunisation 

with pure polysaccharide and so, the search of adequate markers of protection in primed 

persons continues (Goldblatt et al., 1998). Previous SBA methodologies have been 

published for Hib which have shown good correlation between anti-PRP antibody 

concentrations with SBA titres; however no studies have been performed comparing SBA 

to anti-PRP IgG concentrations in serum collected from infants under the UK 

immunisation schedule. (Romero-Steiner et al., 2001; Schlesinger et al., 1992; Kim et al., 

2008).  

The first aim was to develop, optimise and evaluate the Hib SBA assay in the 

Vaccine Evaluation Unit (VEU) using previous knowledge and understanding of the SBA 

with N. meningitidis and compare the assay to a method used by the Centres for Disease 

Control and Prevention (CDC) (Romero-Steiner et al., 2004).  The second aim was to 

apply the assay to test samples that have shown to have antibody responses to Hib, and 

compare SBA titres to known anti-PRP IgG concentrations. The optimised assay will then 

undergo assay validation to produce a validation report. Following assay validation, the 

Hib SBA assay will be used to test serum samples taken from infants under the UK 

immunisation schedule to measure Hib SBA titres and compare to known anti-PRP IgG 

concentrations. As Hib strains may contain multiple capsular loci, the Hib SBA assay will 

be used to test convalescent sera from children with Hib vaccine failure against strains 
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expressing 1-5 copies of the cap b locus, to determine whether multiple cap b loci is 

functionally important or not. 
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2.0  Methods 

2.1 Replication of CDC method 

The methodology for a SBA assay for Hib has been previously published by the 

CDC, Atlanta, USA (Romero-Steiner et al., 2001). When establishing the Hib SBA assay, 

the first step was to replicate this method.  

2.2  Strains, Media and serum samples 

 The target strain used to replicate this method was M07 240381 (Hib strain Eagan) 

which was provided by the CDC. The mother culture was stored between -70 and -95°C in 

Microbank cryovials (ProLab Diagnostics, South Wirral, U.K.).  For colony isolation, a 

single bead from the cryovial was removed and streaked onto a chocolate agar plate 

(Columbia agar with chocolated horse blood, Oxoid, Hampshire, U.K.) followed by 

overnight culture (16 hours) at 37°C (±2) with 5% (±2) CO2. 

 Serum samples from a phase IV, single group study to evaluate the immunogenicity 

and safety of UK laboratory workers of a licensed Hib and meningococcal C conjugate 

combined vaccine (Menitorix, GSK, Middlesex, U.K.) were used to replicate the CDC 

method. Subjects enrolled received a single dose of Menitorix. Blood was collected prior 

to vaccination and 4-6 weeks following vaccination. The study group consisted of 30 

laboratory staff enrolled from Health Protection Agency, Manchester, UK. Appropriate 

ethical approval was obtained from Northern and Yorkshire Research Ethics Committee, 

REC reference number: 07/MRE03/6. European Union Drug Regulating Authorities, 

clinical trials (EudraCT) number: 2006-004302-74, (appendix I). A positive control serum 

was included in the assay, (National Institute of Biological Standards and Controls 

(NIBSC), Hertfordshire, UK, Code 96/536).  This standard serum was produced from a 

pool of sera from adults containing antibodies specific for the polysaccharide (PRP) from 

Hib. The lyophilised standard is supplied in glass DIN ampoules each containing the 
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freeze-dried powder from 0.5 mL of serum. The freeze dried powder was reconstituted 

with 0.5 mL of injectable water (Hameln Pharmaceuticals Limited, Gloucester, U.K.) and 

appropriate volumes aliquoted into microtubes (Alpha laboratories, Eastleigh, Hampshire, 

UK) and stored at -65°C to -95°C. 

2.3  Bactericidal buffer 

Bactericidal Buffer (BB), used as a dilution buffer in the assay, was prepared by 

aliquoting aseptically 20 mL Hanks balanced salts (HBS) with Ca
++ 

 and Mg
++

  (Gibco, 

Paisley, U.K.) and 2% Fildes extract (Oxoid, UK) into 25 mL Universal tubes (Sarstedt, 

Leicester, U.K), which were then stored at +4°C (±2). 

2.4  Bacterial preparation 

The Hib strain M07 240381 was inoculated on a chocolate agar plate as described 

in section 2.2 and incubated overnight for 16 hours at 37°C (±2), 5% (±2) CO2 . Working 

in a class 1 safety cabinet (TriMAT model, Medical Air Technology, Lancashire, U.K.), 

ten isolated bacterial colonies were transferred to 10 mL of brain heart infusion (BHI) 

broth (Oxoid) with 2% Fildes extract (Oxoid) and incubated at 37°C (±2), 5% (±2) CO2 .  

For bacteria to enter exponential phase of growth the broth required a change from yellow 

to amber whilst incubated. Thus, the colour was checked every half an hour. The broth 

changed to amber after four hours and removed from the incubator and placed in the safety 

cabinet. After four hours, the optical density at 600nm (OD600) was 0.4. A volume of 1.5 

mL (15%) of sterile glycerol (Sigma, Dorset, U.K.) was added to the bacterial culture and 

mixed well. After mixing, 0.5 mL of the bacterial culture was dispensed into microtubes 

(Alpha laboratories), labelled with a working stock batch number and stored at -65°C to -

95°C. 
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2.5  Optimisation of working stock 

From the frozen vials, the dilution necessary to gain approximately 1000 colony 

forming units (cfu) per 20 µL of working stock was determined. Six tubes were prepared 

with 0.9 mL of BB. An aliquot of frozen bacterial culture (section 2.4) was thawed. A 

volume of 100 µL of bacterial culture was added to 1 mL of BB, from which, six 10 fold 

serial dilutions were made by transferring 100 µL into 0.9 mL. From each serial dilution, a 

volume of 10 µL was plated out onto chocolate agar (Oxoid) in triplicate (30 µL) for each 

serial dilution. The plates were incubated overnight at 37°C (±2) with 5% (±2) CO2 for 16 

hours and the colonies counted the following day using an automated colony counter 

(Perceptive Instruments, Suffolk, U.K.).  The average count from each dilution was 

determined and a dilution that would yield ~1000 cfu per 20 µL was chosen.  

2.6  Replication of CDC Hib SBA assay  

 To columns 1 to 11 of a U-bottomed microtitre plate (Sterilin, Staffordshire, U.K.) 

10 µL of BB (section 2.3) was added. A volume of 10 µL of heat inactivated (56°C (±2) 

for 30 minutes) test/control serum was added to column 1. An aliquot of 5 µL BB and 5 µL 

heat inactivated (56°C (±2) for 30 minutes) test/control serum was added to column 12.  

The diluted test/control sera in column 1 (10 µL) was double diluted across the microtitre 

plate to column 9 (discarding the 10 µL at column 9 after mixing). An aliquot of bacteria 

as described in section 2.5, was thawed and diluted in BB to prepare 1000 CFU per 20 µL 

of BB. An aliquot of 20 µL of bacterial suspension was added to each well of the 

microtitre plate.  The microtitre plates were gently tapped and sealed with plate sealers 

(Thermoquest, Hants, U.K.), and incubated at 37°C (±2) with 5% (±2) CO2 for 15 minutes. 

After incubation, 25 µL of complement preserved baby rabbit complement (RC) (Pel-freez 

Biologicals, Arkansas, USA) was added to columns 1-10. Heat- inactivated RC was added 

to columns 11 and 12. Following the addition of RC, 25 µL of BB was added to each well. 
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Microtitre plates were gently tapped and sealed with plate sealers and incubated at 37°C 

(±2) with 5% (±2) CO2 for 60 minutes. Figure 2.1 shows the microtitre plate layout for the 

CDC SBA assay.  Following incubation, a volume of 5 µL from the wells of the first six 

columns of the first row/ sample was plated out using a multichannel pipette (Biohit, 

Devon, U.K.) onto a chocolate agar plate (Oxoid) using the tilt method. The tilt method 

allows the reaction mixture to slide down the chocolate plate without running into each 

other. The procedure was repeated for the wells of the second six columns of the first 

row/sample containing the higher dilutions and the control wells. Figure 2.2 shows an 

example of an operator completing the tilt method. Once all samples/controls from the 

microtitre plate had been plated out using the tilt method, the chocolate agar plates were 

incubated overnight at 37°C (±2) with 5% (±2) CO2 for 16 hours. The following morning, 

colonies were counted using a colony counter with Sorcerer software (Perceptive 

Instruments) and the SBA titre expressed as the reciprocal of the final dilution giving 

≥50% killing as compared to the number of cfu in column 11 at 60 minutes (T60).  

 A panel of adult sera (section 2.2) were assayed using the CDC method with a total 

of 19 post Hib vaccination serum samples chosen to test the reproducibility of the assay. 

Each sample was assayed on three separate runs/days. Reproducibility was deemed 

acceptable if >85% of the test samples produced SBA titres, which fell within ±1 titres of 

each other (Bioanalytical method validation, FDA, May 2001 available at:  

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidan

ces/ucm070107.pdf) 

 

 

 

 

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070107.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070107.pdf
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Figure 2.1 Microtitre plate layout for the CDC method. 

 

 

 

 

 

 

 

 

 

 

 

 

This figure shows the microtitre plate layout for the replication of the CDC method. Column 12 contains 30 L of BB, 5 L of heat inactivated serum, 25 

L of heat inactivated complement, and 20 L of working solution of organisms. *column 11: heat inactivated complement   

ASSAY  1 2 3 4 5 6 7 8 9 10 11 12 

BB (L) 10 10 10 10 10 10 10 10 10 10 10 
See 

Below 

 

PATIENT 

SERUM (L) 

   9 TWOFOLD SERIAL SERUM DILUTIONS 

Transfer 10 L from column  1 -- 9, mix 

6 times and discard 10 L from column # 9 

0 0  

COMPLEMENT (L) 25 25 25 25 25 25 25 25 25 25 25*  

CELLS (L) 20 20 20 20 20 20 20 20 20 20 20  

BB (µL) 25 25 25 25 25 25 25 25 25 25 25  

FINAL VOL. (L) 80 80 80 80 80 80 80 80 80 80 80 

 

 

RECIPROCAL 

FINAL SERUM  

DILUTION 

 

1/16 

 

1/ 32 

 

1/64 

 

1/128 

 

1/256 

 

1/512 

 

1/1024 

 

1/2048 

 

1/4096 

 

n/a 

 

n/a 
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Figure 2.2 Example of an operator completing the tilt method 

 

 

 

 

 

Figure 2.2 shows an operator completing the tilt method. A multichannel pipette is used to 

plate out the first six columns of the first row/sample onto an agar plate. The agar plate is 

angled to allow the reaction mixture to slide down the agar plate without running into each 

other. The procedure is completed for the wells of the second six columns of the first 

row/sample containing higher assay dilutions and control wells. The procedure is repeated 

for the remainder of the rows (test samples).  
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2.7 Rabbit complement 

To investigate whether the rabbit complement may affect the SBA assay, all 

batches of rabbit complement were assayed for intrinsic bactericidal activity at the same 

complement concentration used in the assay against appropriate target strains. Any changes 

to the assay throughout the development stage, which altered the complement 

concentration, were tested for intrinsic activity again. Batches of RC were validated by 

assaying the complement source in duplicate at the appropriate complement concentration 

used in the assay. For CDC method, the target strain and buffers were prepared as detailed 

in section 2.3 and 2.5. A volume of 10 µL of BB was added to the wells of columns 1, 2, 3 

and 4 of each row of a microtitre plate (8 assays). Working in a class 1 safety cabinet, 20 

µL of the target strain was added to each well of the relevant rows. A volume of 25 µL of 

heat inactivated RC was added to column 3 and 4. A volume of 25 µL of the relevant RC 

was added to the rows of columns 1 and 2. Following the addition of RC, 25 µL of BB was 

added to each well. The microtitre plate was sealed and incubated for 60 minutes at 37°C 

(±2) with 5% (±2) CO2. The tilt method was performed to plate out the four columns of the 

first row onto a chocolate agar plate. The procedure was repeated for the remainder of the 

rows. Plates were incubated as detailed in section 2.6. The following morning, colonies 

were counted using the complement validation template in the Sorcerer software 

(Perceptive instruments). The averages of the two control wells (columns 3 and 4) were 

automatically calculated. The percentage of survival of bacteria in each of the complement 

source dilutions (columns 1 and 2) were automatically calculated using the average of the 

two control wells. The acceptance criteria of >85% survival was automatically applied.  
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2.8  Development of the Hib SBA assay by adaptation of the CDC method 

 The initial Hib SBA assay was adapted from the method currently used in the VEU 

for N. meningitidis and the CDC Hib method. The first step in adapting the method was to 

change the preparation of the target strain to be used in the assay. 

2.8.1 Working stock 

 Hib working stock was made by streaking one bead from a microbank cryovial 

(ProLab diagnostics) of the mother culture (M07 240381) onto chocolate agar (Oxoid) for 

heavy growth and incubated overnight at 37°C (±2), 5% (±2) CO2 (16-24 hours). 

Following incubation all of the growth on the plate was transferred into 9 mL of BHI broth 

(Oxoid) using a sterile swab, to this 15% sterile glycerol (Sigma) and 2% Fildes extract 

(Oxoid) was added. A volume of 0.5 mL of broth was transferred into individual 

microtubes and labelled with a batch number.  

2.8.2 Optimisation of working suspension  

 A single dilution which produced a working suspension of 60-250 cfu was 

determined. Samples were prepared as in the CDC method (section 2.6). The target strain 

preparation was altered by retrieving a single tube of working stock as prepared in section 

2.8.1, defrosting and streaking onto chocolate agar for single colony isolation and 

incubating overnight at 37°C (±2), 5% (±2) CO2. The following morning ~ 50 colonies 

were streaked for confluent growth onto a fresh chocolate agar plate (Oxoid) and incubated 

for 4 hours (±15 minutes) at 37°C (±2), 5% (±2) CO2 (for bacteria to enter exponential 

phase of growth). Following incubation (working in a class 1 safety cabinet), a sterile swab 

was used to suspend bacteria into 5 mL of BB. Approximately 1 mL of the Hib suspension 

was placed into a semi micro-cuvette (Sigma) and the absorbance read on a 

spectrophotometer (UV1100 WPA spectrophotometer, Jencons, West Sussex, U.K.) at a 
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wavelength of 650 nm (spectrophotometer was blanked with 1x BB). The suspension was 

adjusted to A650 = 0.1. Working suspensions with differing numbers of cfu were gained by 

preparing 1/10 and 1/20 dilutions of the OD650 = 0.1 bacterial suspension, followed by 

1/100 dilution in BB. The equivalent to column 11 (35 µL, BB, 20 µL target strain, 25 µL 

complement) for both dilutions were plated out at T60. The dilution that produced between 

60-250 cfu was chosen. 

2.8.3  Procedure 

 A single tube of working stock (section 2.8.1) was defrosted and streaked onto a 

chocolate agar plate (Oxoid). Samples were prepared as per CDC (section 2.6). After 4 

hours incubation grown on chocolate agar (section 2.8.2),  the Hib suspension was adjusted 

to A650 = 0.1 (section 2.8.2) followed by a 1/10 and a 1/100 dilution.  After the addition of 

20 µL of the target strain to every well the method continued to follow the CDC method as 

per section 2.6, with the exception of 15 minute incubation after the addition of bacteria. 

Secondly, the volume of reaction mixture which is plated out after the addition of target 

strain, buffer and complement was increased from 5 µL to 7.5 µL. A total of seven pre and 

post Hib vaccination sera (section 2.2) were tested using this method and titres compared 

to those generated following the CDC method. 

2.9  Further optimisation of the Hib SBA assay 

 Keeping the current adapted method (section 2.8) many variables were tested to 

optimise the assay.  

2.9.1  Comparison of the complement concentration 

 The concentration of complement is crucial in the assay. A concentration that is 

activating enough using less volume of complement as possible is useful in the assay due 

to the high cost of baby rabbit complement. A total of seven known positive serum samples 
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(section 2.2) were tested at various concentrations in the assay and compared to the titres 

obtained from the CDC method. 

2.9.2  Comparison of the incubation period of serum/target strain/complement/buffer. 

 Due to the observation of a inhibited cfu growth in column 12 (non complement 

mediated lysis control) and enhanced cfu growth in column 11 with positive adult sera at 

T60, varying incubation times of 30, 40, 50 and 60 minute were compared using a 

complement concentration of 33.3% as determined by section 2.9.1. The method followed 

that described in section 2.8. 

2.9.3  Comparison of the incubation period with 5% CO2 and without 5% CO2 

 The procedure in the CDC method (section 2.6) incubates microtitre plates after the 

addition of bacterial suspension, complement and buffer in a 37°C incubator in a 5% CO2 

environment. The microtitre plates are sealed and so the CO2 environment might not be 

essential in this incubation. The assay was run as described in section 2.8 using a 

complement concentration of 33.3%. Seven post Hib vaccination samples (section 2.2) 

were assayed with and without a 5% CO2 environment at T50 and T60 time points.  

2.9.4  Comparison of the media used in the Hib SBA assay 

  The best media for optimal growth is essential in the assay. The agar is used for 

numerous procedures in the SBA assay.  A comparison of chocolate agar plates used in the 

assay was performed method described in section 2.8.  The two types of chocolate agar 

plates compared were, chocolate agar + PolyViteX  (Biomérieux, Marcy l'Etoile, France) 

and Columbia agar with chocolated horse blood (Oxoid). Nineteen known positive serum 

samples (section 2.2) were tested using both media and the titres compared.  

2.9.5  Comparison of the use of bovine serum albumin in BB. 

 Bovine serum albumin (BSA) can be used in immunoassays to address the issue of 

non specific binding and stability. To address the issue of non specific killing in the assay 
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i.e. non complement mediated lysis, known positive samples (section 2.2) were assayed 

using bactericidal buffer with BSA (Sigma) and without BSA and the SBA titres 

compared.  

2.9.6 Validation of the specific optical density and its correlation to inoculum count. 

 Due to the changes made to the assay during optimisation it was important to 

validate the suspension of Hib at an OD of 0.1 at a wavelength of 650nm and find a 

suitable dilution which produced an inoculum count between 60-250 cfu. Following the 

method detailed in section 2.8 at a 33.3% complement concentration, the Hib suspension 

was adjusted to OD of 0.1 at 650nm. The adjusted suspension was diluted in BB in repeats 

of five at 1/30, 1/40 and 1/50 followed by 1/100 and a further 1/6 on the microtitre plate. 

The mean cfu count was taken from the five results gained at each dilution and the number 

of cfu/mL was calculated.  

2.9.7 Comparison of the incubation length of the target strain prior to use in the Hib 

SBA assay 

 As the incubation length of the target strain can affect the expression of surface 

antigens on the bacteria, the target strain (M07 240381) was incubated overnight for 16, 

17, 18, 19, 20, 21, 22, 23, or 24 hours prior to  use in the assay. Pre and post Hib 

vaccination serum samples (section 2.2) were assayed in the optimised Hib SBA assay as 

described below (section 2.10). Titres were compared between 16-24 hours incubation.  

2.10  Optimised Hib SBA assay 

 Pre and post Hib vaccination samples (section 2.2) were assayed in the optimised 

Hib SBA assay to select for validation. 

2.10.1  Target strain 

 The target strain chosen for the optimised Hib SBA assay was M07 240381. 

Mother cultures were stored in at least 2 microbank cryovials (Pro-lab) at -80°C (-65 to -
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95°C). Working cultures were made by streaking a single bead from the mother culture to 

produce a heavy growth on a chocolate agar plate (Biomérieux) and incubated over night 

for 16-24 hrs at 37°C (±2), 5% (±2) CO2. Using a sterile swab (Medical Wire and 

Equipment co, (Bath) Ltd, Wiltshire, England) the cultured Hib was used to inoculate 9 

mL of BHI (Oxoid). To the BHI, 2% Fildes extract (Oxoid) and 15% sterile glycerol 

(Sigma) was added. The bacteria were mixed gently to produce the working culture. A 

volume of  0.5 mL of the working culture was dispensed into microtubes and labelled with 

a batch number and expiry date  and stored at  -80 ºC (-65°C to -95°C).  

2.10.2  Bactericidal buffer 

 BB  is used as a serum and bacteria diluent in the Hib SBA assay. Initially a 10x 

solution containing 20% (w/v) of BSA (Sigma) dissolved in HBS (Gibco) was prepared 

and filtered through a 0.22 µm filter (Millipore, U.K.). A volume of  2 mL of 10x filtered 

solution was dissolved in 18 mL HBS (Gibco) to obtain a 1 x 2% BSA (Sigma) (w/v) 

bactericidal buffer solution. To which, 2 % Fildes (Oxoid) extract was added. This buffer 

is used throughout the optimised SBA method.  

2.10.3  Pre assay 

 A frozen tube of working stock as prepared in section 2.10.1 was retrieved from the 

-80°C (-65°C to -95°C) freezer and placed within the safety cabinet. Once the culture had 

equilibrated to room temperature the culture was streaked for single colony isolation onto a 

chocolate agar plate (Biomérieux) and incubated overnight for 16-24 hours at 37°C (±2) 

5% CO2  (±2). 

2.10.4  Preparing the target strain for exponential phase of growth 

 After 16-24  hours incubation the overnight agar plate (section 2.10.3) was placed 

into a safety cabinet and using a fresh sterile loop (Scientific Laboratory Supplies, Wilford, 

Nottingham, U.K.) approximately  50 colonies were transferred from a section on the 
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chocolate agar plate which allows enumeration and streaked onto a fresh chocolate agar for 

confluent growth. The freshly inoculated agar plate was placed in a 37°C (±2), 5% CO2 

(±2) incubator for 4 hours (±15 minutes). 

2.10.5  Sample preparation 

 A volume of 15 µL of BB was added to columns 1-11 of a U-bottomed 96 well 

microtitre plate (Sterilin) and 7.5 µL added to column 12. A volume of 15 µL of heat 

inactivated (56°C (±2) for 30 minutes (±5)) test/control sera was added to column 1 and 

7.5 µL added to column 12. The test/control sera (15 µL) was double diluted across the 

microtitre plate from column 1 to 9 (15 µL discarded at column 9). Leaving each well with 

a total volume of 15 µL with a range of doubling dilutions from 1/8 to 1/1024 (the initial 

starting dilution was adjusted for more positive test and control sera). Figure 2.3 shows the 

layout of the microtitre plate of the optimised Hib SBA assay.  The positive control serum 

(NIBSC 96/536) as described in section 2.2 was included in each assay. 

2.10.6  Procedure 

Following a 4 hour (±15 minutes) incubation (section 2.10.4) a sterile swab was 

used to sweep across the centre of the bacterial growth on the chocolate agar plate 

(Biomérieux). The inoculated swab was suspended in 5 mL of 1x BB in a sterile universal 

tube. A volume of 1 mL was removed and placed into a semi micro-cuvette (Sigma) and 

the absorbance read on a spectrophotometer at a wavelength of 650 nm (spectrophotometer 

was blanked with 1x BB). The suspension was adjusted to A650  = 0.1. The adjusted 

suspension was diluted 1/30 with BB followed by 1/100 to prepare the working 

suspension. An aliquot of 10 µL of the working suspension was added to every well of the 

microtitre plate. A volume of  20 L of heat inactivated (56°C (±2) for 30 (±5) min) 

complement was added to all wells of columns 11 and 12. A volume of 20 L of 

complement, (thawed and equilibrated to room temperature), was added to columns 1 to 10 
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and gently tapped to mix plates. A volume of 15 µL of 1x BB was added to every well. 

The microtitre plates were sealed and incubated at 37°C (±2) for 50 minutes. Prior to 

incubation, 10 µL was removed from column 11 for T0 count. Following 50 minutes 

incubation the plates were transferred back to the safety cabinet. Using the tilt method 

described in section 2.6, 10 µL of reaction mixture from the wells of the first six columns 

of the first row/sample was plated out onto chocolate agar (Biomérieux). The tilt procedure 

was repeated for the second six columns of the first row/sample containing the higher 

assay dilutions and the control wells. Once all the samples and controls were plated out 

from the microtitre plates the chocolate agar plates were left to dry for ten minutes before 

being transferred into a 37°C (±2), 5% (±2) CO2 incubator for 16-24 hr. The following 

morning colonies were counted using a colony counter (Sorcerer software, perceptive 

instruments) and SBA titres expressed as the reciprocal of the final dilution giving ≥50% 

killing as compared to the number of cfu in column 11 at 50 minutes (T50). Titres were 

only assigned to test sera if target strains were not complement sensitive (column 10) and 

any killing of the target strain was due to non-complement mediated lysis (column 12). 
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Figure 2.3 microtitre plate layout for optimised Hib SBA assay  

 

 

  

 

 

 

 

 

 

 

 

 

 

This figure shows the microtitre plate layout for the optimised Hib SBA assay. Column 12 contains 22.5 L of BB, 7.5 L of heat inactivated serum, 20 L of heat inactivated 

complement, and 10 L of working solution of organisms.  * Column 11: heat inactivated complement.   

 

ASSAY  1 2 3 4 5 6 7 8 9 10 11 12 

BB (L) 15 15 15 15 15 15 15 15 15 15 15 
See 

below 

PATIENT 

SERUM (L) 

   9 TWOFOLD SERIAL SERUM DILUTIONS 

Transfer 15 L from column  1 -- 9, mix 

6 times and discard 15 L from column # 9 

0 0  

COMPLEMENT 

(L) 

20 20 20 20 20 20 20 20 20 20 20*  

CELLS (L) 10 10 10 10 10 10 10 10 10 10 10  

BB (µL) 15 15 15 15 15 15 15 15 15 15 15  

FINAL VOL. (L) 60 60 60 60 60 60 60 60 60 60 60 

 

 

RECIPROCAL 

FINAL SERUM  

DILUTION 

 

1/8 

 

1/ 16 

 

1/32 

 

1/64 

 

1/128 

 

1/256 

 

1/512 

 

1/1024 

 

1/2048 

 

n/a 

 

n/a 
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2.11  Validation of the optimised Hib SBA assay 

 Validation was completed for the optimised Hib SBA assay (section 2.10). The 

assay was validated by the evaluation of the following parameters of assay performance: 

specificity, accuracy, assay precision/reproducibility and linearity. FDA guidelines for 

bioanalytical validation was followed (Bioanalytical method validation, FDA, May 2001 

available at  

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidan

ces/ucm070107.pdf). A full range of samples were chosen including negative sera.  

Acceptable variability was defined as at least ≥85% of test samples meeting the stated 

requirements. Hib strain M07 240381 was used to validate the SBA assay. This strain was 

previously found to be suitable for use in the SBA assay.   

2.11.1 Serum samples 

Approximately 44 samples (section 2.2) were screened and selected for use in the 

validation. Sample screening would ideally involve the repeated testing of the samples to 

eliminate those with presence of low avidity antibodies causing variability in the titres 

obtained. Due to insufficient sample volume this could not be completed.  Ideally infant 

sera would be preferable; however, these samples are often limited in sample volume. 

2.11.2  Specificity 

Specificity was evaluated by inhibition of Hib with another appropriate antigen (N. 

meningitidis group C)  and spiking of negative sample with positive sera. 

2.11.3  Inhibition 

Specificity of the Hib SBA assay was determined by inhibition with homologous 

(Hib type b polysaccharide NIBSC code 02/208) and heterologous (N. meningitidis 

serogroup C polysaccharide NIBSC code 07/318) antigens. For inhibition, polysaccharide 

was used at 200 g/mL, which has shown to be the appropriate concentration for inhibition 

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070107.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070107.pdf
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in N. meningitidis serogroup C and A, SBA assays (Maslanka et al., 1997). A total of 19 

positive samples with an SBA titre of ≥128 were assayed in this parameter. Individual 

samples were assayed neat (without inhibitors) and with both inhibitors on the same run. 

Samples run with an inhibitor were incubated with the appropriate inhibitor for one hour at 

room temperature, vortexing every 15 minutes. The difference in SBA titre (+/-) between 

inhibited result and neat result was calculated. Specificity was considered acceptable if  

≥85% of samples undergoing homologous inhibition resulted in a reduction of >2 SBA 

titres. In addition  ≥85% of samples undergoing heterologous inhibition should not result in 

a reduction of > 2 SBA titres.  

 

2.11.4  Spiking 

Spiking was completed by the testing of SBA negative samples which have been 

shown to have high antibody concentrations to other antigens. Negative samples were then 

spiked with an SBA positive sample in three different ratios. A total of 5 negative samples 

which had no quantifiable SBA activity were selected for use. These samples were 

determined as having positive antibody to various meningococcal serogroups.  One 

positive sample (017B) was selected to spike into negative samples. This sample had an 

expected SBA titre of 8192- 37268 for Hib strain M07 240381. For each of the 5 negative 

samples, the positive sample was spiked into the 5 negative samples in three different 

ratios (1:2, 1:4, 1:8). The positive and negative samples were assayed neat on the same run. 

A single result for neat positive, neat negative and three spiked samples was achieved for 

each sample. The spiked negative results (x dilution factor) were compared to the positive 

sample result. Specificity was considered acceptable if for ≥85% of samples, the neat 

negative sample should give a negative (<8) and the spiked negative samples (multiplied 
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by the dilution factor) should be within ±1 SBA titre of the neat positive sample result. The 

spiking analysis was repeated five times to measure accuracy. 

 2.11.5  Assay precision/reproducibility 

The validation of assay precision/ reproducibility was split into intra-assay, and 

inter assay over a range of negative and positive samples. 

2.11.5.1 Intra assay precision/reproducibilty 

 Intra assay precision/reproducibility describes the closeness of individual measures 

of a given analyte within the same day/run of the assay completed by a single operator. 

Reproducibility was determined over 5 replicate measurements. Thirty six samples were 

assayed (positive and negative samples). Each of the 36 samples was assayed 5 times on 

the same day/run. Preparation of the samples was completed individually.  Five results 

(replicates) for each sample were achieved on the same day/run for the 36 samples. If any 

replicates failed assay acceptance criteria, the complete analysis for that sample was 

undertaken. The median was calculated between the 5 replicates of the 36 samples tested. 

Intra assay precision was considered acceptable if for  ≥85%  of results, the SBA titre 

should be within ±1 SBA titre of the median for that sample. Samples with SBA titres <8 

were excluded from this analysis. 

 

2.11.5.2  Inter assay precision/reproducibility 

 Inter assay precision/reproducibility describes the closeness of individual measures 

of titres against a target strain across multiple days/runs completed by a single operator. A 

total of 39 samples covering the range of expected titres were chosen high (>128) medium 

(32-128) and negative samples were chosen. Each of the samples were assayed 5 times 

(replicates) on a different run. Five results (replicates) for each sample from the separate 

days/runs were achieved for all the 39 samples. If any replicate failed assay acceptance 
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criteria, the sample was repeated. The median was calculated between the five replicates 

for each of the samples. Inter assay precision was considered acceptable if for ≥85% of 

results, the SBA titre should be within ±1 titre of the median for that sample. Following 

validation, titres obtained from inter assay precision analysis were correlated with 

previously determined anti-PRP IgG concentrations.  

2.11.6  Linearity/recovery 

 Linearity, also known as recovery of an antibody in an assay, is the detector 

response obtained from an amount of the SBA antibody added to and extracted from the 

sample, compared to the detector response obtained for the true concentration of the pure 

authentic standard. After diluting a known positive sample with commercially available 

IgG deficient sera (Sigma) at 1:4, the antibody titre of that positive serum should be 

recovered by multiplying by the dilution factor in this case 4 (1:4). Eighteen samples 

covering a range of positive concentrations were chosen. Samples were diluted 1:4 in IgG 

deficient sera. The neat (undiluted) and diluted samples were assayed on the same run. The 

diluted sample result (x4) was compared top the neat sample. Linearity was considered 

acceptable if for ≥85% of samples, the diluted sample should be within (+/-) 1 SBA titre of 

neat sample result.  

2.12 Infant post primary and post booster responses 

2.12.1 Sample size 

Samples from a Phase IV, randomised study to evaluate the immune response of 

UK infants receiving licensed DTaP/IPV/Hib-TT, meningococcal C conjugate and 

pneumococcal conjugate vaccines was used in the optimised Hib assay. Favourable ethics 

opinions were gained from the Public Health Laboratory Service ethics committee, the 

East and North Hertfordshire Local Research Ethics Committee (LREC), and the 

Gloucestershire LREC EudraCT  number: 2004-001049-14, see appendix II (Southern et 
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al., 2009; Borrow et al., 2010). For primary vaccination, three doses, 0.5 mL each, of 

Pediacel (Sanofi Pasteur) were given at 2, 3 and 4 months as per UK routine vaccination 

schedule. A booster dose of combined meningococcal serogroup C (MenC) and Hib 

(Menitorix) was given in the second year of life. A total of 280 samples taken 1 month post 

primary vaccination schedule were analysed in the Hib SBA assay (section 2.10).  A total 

of 206 serum samples taken 1 month post booster were also assayed in the optimised Hib 

SBA assay. 

2.12.2 Statistical Analysis 

 Geometric mean titres (GMT) with 95% confidence intervals (CI) were calculated 

for post primary and post booster responses. Secondly, SBA titres were compared to 

previously determined anti-PRP IgG concentrations determined by a Hib Bioplex assay 

(Standard Operating Procedure (SOP) 1646, HPA, Manchester) for correlation. The 

Pearson`s correlation coefficients (r value) for SBA titres and previously determined anti-

PRP IgG antibody concentrations were calculated for both visits. The power function 

equation displayed on the top of the chart y=a x
b 

(y=log transformed IgG concentration, 

log a=y intercept, x= log transformed SBA titre, b= slope) was used to calculate the 

predictive protective SBA titre that corresponds to the established long term protective 

antibody concentration of 1.0 µg/mL and short term protection of 0.15 µg/mL. 

The optimised Hib assay (section 2.10) was altered to include the number of viable 

cfu per sample at T0 as well as T50.  T0 time point was used as a control well in the 

optimised assay and to observe growth in column 11 and 12 as this was the first time infant 

sera was used in the assay. Statistical analysis was carried out for both time points. 

Following analysis, the assay was changed from having a 50 minute incubation period 

(T50) to a 60 minute incubation period (T60). This was changed to adapt the assay to ones 

currently used in the VEU after showing no difference in SBA titre between T50 to T60.  
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2.13 Vaccine failure samples assayed against strains with increasing copy numbers of 

the cap b locus 

2.13.1 Strains and sera 

Hib strains with various numbers of copies of the capsulation (cap) b locus have 

been isolated from patients with invasive disease. Hib strains containing increasing 

numbers of copies are shown to express more capsule and thought to play a role in some 

cases of Hib conjugate vaccine failure in children (Cerquetti et al., 2006). A total of 164 

serum samples were previously collected from children who developed invasive Hib 

disease despite having being vaccinated against Hib (vaccine failures) The recruitment of 

these samples has been described elsewhere (Ladhani et al., 2010a). Hib vaccine failure 

was defined as invasive Hib disease occurring anytime after three vaccine doses given in 

the first year of life, or >1 week after two doses in the first year, or > 2 weeks after one 

dose given after 12 months of age. Briefly, cases diagnoses between October 1992 and 

December 2005 were identified through routine laboratory reporting, enhanced 

surveillance and clinical reporting schemes. Upon permission from their general 

practitioner, the parents of children with Hib vaccine failure allowed a blood sample to be 

obtained from the child.  Appropiate ethics were gained from the Thames Valley Multi-

centre Research Ethics Commtee (REC reference number: 05/MRE12/50) Listed in 

Appendix III.  All vaccine failure samples were assayed in the optimised Hib SBA assay 

(section 2.10, with a change from T50 to T60 time point) against 5 strains of Hib 

containing either 1, 2 3, 4 or 5 copies of the cap b locus. Table 2.1 shows the strains used 

in the Hib SBA assay along with the number of copies of the cap b locus.  
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2.13.2 Statistical analysis  

GMTs with 95% CI were calculated for samples assayed against each strain at T0 

and T60 time points. The SBA titres for each strain were correlated against known anti-

PRP IgG concentrations measured by a Hib bioplex assay (HPA, Manchester). To measure 

whether an increasing expression of capsule would have any importance functionally, the 

percentage of subjects achieving an SBA titre ≥8 were calculated for each different strain. 
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Table 2.1 Hib strains used to test vaccine failure samples  

Assigned number 

No of copies (cap b 

locus) 

M07 240825 1 

M07 240381 2 

M07 240814 3 

M07 240810 4 

M07 240811 4 

M07 240809 4 

M07 240805 5 

 

This table shows the Hib strains used to test vaccine failure samples. Three strains with 

four copies of the cap b locus were used, as strain M07 240811 became complement 

sensitive despite passing RC validation. Strains M07240810 and strain M07 240809 were 

used to re test the samples that shown higher titres than the other copy strains. 
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3.0 Results 

 

3.1 Replication of CDC method 

 

The first step to develop a Hib SBA assay was to replicate a previously published 

method from the CDC (Romero-Steiner et al., 2001) as detailed in section 2.8. A panel of 

19 post Hib vaccination serum samples (detailed in section 2.2) and standard control serum 

(NIBSC code 96/536) were chosen to test the assays reproducibility and expected SBA 

titre ranges. Each serum sample was tested on three separate days/runs. SBA titre results 

were compared to previously determined anti-PRP IgG concentrations.  Reproducibility 

was deemed acceptable if >85% of the test samples were within three SBA titre steps as 

calculated at T60. From the first run, five samples failed to meet assay acceptance criteria 

due to either producing multiple SBA titres or needed to be assayed at a higher starting 

dilution, and therefore removed from calculations. The remaining samples produced 

acceptable SBA titres from all three runs. From the three runs, 12/14 (86%) were within 

three T60 SBA titre steps of each other.  Of the 14 serum samples, nine (64%) were within 

two T60 SBA titre steps. Two (14%) were within one T60 SBA titre step. As >85% of 

samples were within three T60 SBA titre steps the assay was deemed reproducible. The 

median of the three SBA titres generated in this method was compared to known anti-PRP 

IgG concentrations measured by a Hib bioplex assay. A good correlation was shown 

(r=0.674) as seen in figure 3.1. 
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Figure 3.1 Correlation of anti-PRP IgG concentrations and median SBA titres  

 

 

 

This figure shows the good correlation (r = 0.674) between the median SBA titre 

generated by the CDC method to previously determined anti-PRP IgG concentrations.  
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3.2 Development of a Hib SBA assay by adaptation of the CDC method 

The first step in the adaptation of the CDC method to mirror the meningococcal 

SBA assays currently used in the VEU (HPA, Manchester) was to change the procedure 

for growing bacteria to log phase, from broth-grown to agar plate-grown. A total of seven 

post-vaccination serum samples were assayed. The SBA titres of Hib grown to log phase 

on chocolate agar plates were compared to SBA titres of Hib grown to log phase in broth. 

Of the seven samples, one sample produced a titre greater than the highest dilution and was 

removed from calculations. Of the six samples to compare 5/6 (83%) were within three 

T60 SBA titre steps of each other. Five (83%) were within two T60 SBA titre steps of each 

other. Two (33%) were within one T60 SBA titre step. From these results the preparation 

of bacterial working stock and 4 hour growth conditions for exponential phase were 

changed to bacteria grown on agar as opposed to broth  as 83% of titres were within two 

T60 SBA titre steps.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

 

3.3 Further optimisation of the Hib SBA assay 

The previous CDC Hib SBA method was adapted to mirror the meningococcal 

SBA assays used in the VEU (Borrow et al., 2005). Various assay parameters were 

investigated to optimise and produce a reproducible assay.  

3.3.1 Comparison of complement concentration 

Baby rabbit complement (RC) is widely used in SBA assays for the licensure of 

meningococcal polysaccharide and glycoconjugate vaccines. It is commercially available 

in large batches and avoids the difficulties obtaining complement from human donors (Gill 

et al., 2011). The previously published CDC method has a final complement concentration 

of 31.3% (total well volume 80 µL) but uses 25 µL of RC per well. A volume that required 
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less complement per well but was still in excess of that required to give full complement-

mediated bactericidal activity was investigated. The ratio of serum/buffer/target 

strain/complement concentration was altered to produce complement concentrations of 

29.6% (total well volume 67.5 µL), 33.3% (total well volume 60 µL) and 37.5% (total well 

volume 40 µL). A complement concentration of 25% (total well volume 80 µL) was also 

investigated but was shown not to be sufficient enough producing inconsistent SBA titres. 

A total of seven adult post Hib vaccination samples were assayed at all three various 

concentrations.  SBA titres were compared to titres produced from that of the CDC 

method.   

Of the seven samples, one sample failed to meet assay acceptance criteria as it was 

greater than the top dilution and so was removed from the calculations. Of the remaining 

samples 5/6 (83%) were within 3 T60 SBA titre steps of each other. One (17%) was within 

2 T60 SBA titre steps. All three complement concentrations produced titres consistent with 

CDC method and therefore a complement concentration of 33.3% was chosen. At  33.3% 

the total well volume is reduced to 60 µL.  This uses less complement per well than the 

CDC method and thus sera can be assayed at a lower initial starting dilution.  

3.3.2 Comparing the incubation time of serum/buffer/target strain/complement 

reaction 

 

During replication of CDC method and development of the initial Hib SBA, non 

complement mediated lysis was observed in the control well (column 12) at T60. A total of 

eight samples were assayed. The total viable cells (column 11) was plated out for each 

sample at T0 and T60 to investigate whether this was true non complement mediated lysis 

or a reduced growth rate compared to column 11. From the eight samples assayed there 
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was an 8-33% increase in cfu from T0 – T60 in column 11. The average increase was 20%. 

Data are shown in Table 3.1. The assay acceptance criteria are set that the number of cfu in 

complement control wells (column 10, column 12) should lie within -30% of the number 

of cfu in column 11. From the eight samples, four failed for column 12 as they were less 

that 30% of column 11 at T60.When calculated from T0, the cfu in column 12 was not less 

than 30% of column 11. The column 12 fails were not treated as true non complement 

mediated lysis after the above observation and the fact that all samples had been assayed 

with beta lactamase which should inhibit any antibiotics in the sera which would cause non 

complement mediated lysis. The >30% reduction in column 12 was in part due to the 

average 20% increase in cfu from T0-T60 in column11.   

From this observation incubation of serum/buffer/target strain/complement was 

investigated to find an incubation time that produced reproducible SBA titres and did not 

cause an increased cfu growth in column 11. A total of eight post Hib vaccination samples 

were assayed at a complement concentration of 33.3% and incubated for 30, 40, 50, and 60 

minutes after the addition of sera/buffer/target strain/complement. Titres, column 12 cfu, 

and column 11 cfu were compared for all four incubation times. 

Figure 3.2 shows the comparison of the SBA titres when assayed with incubation 

times of T30, T40, T50 and T60. Of the samples tested, 7/8 had increased titres from T30 

to T60. The greatest increase from T30-T60 was 4 titres shown in samples 009B and 013B. 

One sample, 014B, produced the same titre from T30-T60. All titres were within 3 SBA 

titre steps between T50-T60. The assay at T30 was producing positive titres but the killing 

curves produced for each sample were not as consistent as they were at T50 and T60. 

Table 3.2 shows the average column 11 and column 12 cfu growth from T30-T60. 

The average column 11 cfu at T30 and T60 were 104 and 135, respectively. The cfu in 

column 11 increased by 30% from T30 to T60. The average cfu in column 12 at T30 and 
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T60 was 88 and 87, respectively. There was a 1% decrease in cfu in column 12 from T30 

toT60. Because of the average 30% increase in cfu in column 11 at T60, 6/8 samples failed 

for column 12 at T60. Secondly, 4/8 samples failed for column 12 at T50. One sample 

failed for column 12 at both T30 and T40. Therefore the cfu in column 12 did not increase 

at the rate as cfu in column 11 did from T30 to T60. The cfu in column 12 stays relatively 

the same. This seemed to be causing column 12 to fail the acceptance criteria at T60. The 

average percentage decrease from cfu in columns 11 to column 12 for T30, T40, T50 and 

T60 were 15%, 20%, 34% and 36%, respectively. Only the average T30 and T40 column 

12 were found to lie within -30% of its respected column 11. At T50 the average % 

decrease from column 11 to column 12 was 34%. Although at T50 the decrease was >30%,  

the assay was changed from a T60 incubation to T50 incubation as all samples produced 

titres within three SBA titre steps of each other, and less column 12 fails than T60. 

Preliminary data of running the assay at T40 showed samples often failing acceptance 

criteria due to producing inconsistent titres. This incubation period was not activating 

enough complement to produce the maximum titre for each sample consistently (data not 

shown).  
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Table 3.1 Viable cfu (column 11) percentage increase from T0 to T60  

 

 

SAMPLE T0 COLUMN 11 T60 COLUMN 11  % INCREASE 

001B 105 116 10 

002B 92 111 21 

004B 96 123 28 

007B 110 130 18 

009B 101 134 33 

010B 112 135 21 

013B 109 118 8 

014B 98 119 21 

Average 103 123 20 

 

 

 

This table shows the viable cfu (column 11) percentage increase from T0 to T60 from eight 

samples assayed on the same run. The average increase was 20%, ranging from 8% to 

33%.   
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Figure 3.2 SBA titres generated with varying incubation times (T30, T40, T50 and T60) 

 

                                                                                                                                                          

This figure shows the difference in SBA titres for each sample when calculated from T30, T40, T50 and T60 time points. Due to 004B failing 

assay acceptance criteria at T40 no data are shown.
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Table 3.2  The average column 11 and 12 cfu at T30, T40, T50, and T60 

SAMPLE T30 COL 11 T40 COL 11 T50 COL 11 T60 COL 11 

001B 111 108 121 130 

002B 93 129 126 144 

004B 97 102 105 123 

007B 116 125 109 142 

009B 96 125 149 132 

010B 104 116 123 131 

013B 107 113 118 134 

014B 108 120 139 141 

AVERAGE 104 117 124 135 

SAMPLE T30 COL 12 T40 COL 12 T50 COL 12 T60 COL 12 

001B 91 85 85 91 

002B 77 86 78 94 

004B 93 103 80 105 

007B 80 88 72 74 

009B 83 92 89 64 

010B 102 97 89 90 

013B 90 99 67 86 

014B 91 99 96 94 

AVERAGE 88 94 82 87 

     

AVERAGE % 
DECREASE 
FROM COLUMN 
11 TO COLUMN 
12 15% 20% 34% 36% 

 

Table 3.2 Shows the percentage difference between column 11 and 12 at T30, T40, T50 

and T60 time points. Only T30 and T40 time points have cfu in column 12 which lie within 

- 30% of column 11. A 30% increase is shown in the average cfu in column 11 over the 60 

minute incubation period. The cfu in column 12 stayed relatively the constant. 
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3.3.3 Comparison of incubation period with 5% CO2 and without 5% CO2                                                                   

The CDC Hib SBA assay incubates microtitre plates in a 37°C, 5% CO2 

environment for 60 minutes after the addition of serum/buffer/target strain and 

complement (Section 2.8). As the microtitre plates are sealed during this incubation step, a 

5% CO2 environment may not be necessary. A set of seven post Hib vaccination samples 

were assayed as detailed in section 2.10 at a 33.3% complement concentration for 50 or 60 

minutes with and without 5% CO2 and SBA titres were compared (figure 3.3). All T50 and 

T60 titres assayed with and without 5% CO2 were within 1 SBA titre step of each other. 

Moreover, all T50 and T60 titres under the same conditions were within 2 SBA titre steps 

of each other. From these results the assay was changed to a 50 minute incubation period 

without a 5% CO2 environment as it did not seem to have an effect on the titres produced. 

In addition to this no significant difference in titres are seen between T50 and T60 for this 

environment.   
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Figure 3.3  SBA titres achieved with incubation titres of T50 and T60 with and without a 5% CO2 environment 

 

 

  

This figure shows that similar SBA titres were gained with or without a 5% CO2 environment.
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3.3.4 Comparison of the media used in the Hib SBA assay 

Due to the observation of inhibited growth in column 12, two different 

manufacturers of chocolate agar plates (Oxoid and Biomérieux) were investigated for use 

in the assay. To investigate which growth medium would produce maximum colonies, 

nineteen samples were assayed. Although no titre differences were observed, Biomérieux 

agar supported bacterial growth better, producing more colonies and was selected for use 

in further optimisation.  

 

3.3.5 Comparison of the use of BSA in bactericidal buffer 

As BSA has been used in immunoassays to protect bacteria from non specific 

killing (Maslanka et al., 1997), 21 pre and post-vaccination serum samples were assayed 

on two separate days with BB containing a  2% BSA (w/v) concentration to observe 

whether this would protect against non specific killing and promote growth in column 12. 

Of the 21 samples assayed no column 12 fails were seen when using BB with BSA on both 

days. Secondly, eight of the known positive serum samples were compared to previously 

determined titres gained from assaying at T50 without BSA to see if the BSA would affect 

titres. All eight samples were within one T50 SBA titre step from each other. What is 

more, 4/8 samples had column 12 fails using BB without BSA. No column 12 fails were 

observed in the eight samples using BB containing BSA.  As the BSA was found to 

support bacterial growth in column 12 and no significant difference in titres, BB with BSA 

was selected for further optimisation. Data are shown in figure 3.4. 
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Figure 3.4 Comparison of the SBA titre with and without use of BSA in the bactericidal buffer 

 

 

 

This figure shows the titre comparison of samples assayed with BSA and without BSA. All samples were within 1 SBA titre step of each other. 

Neither produced consitiently higher titres than the other. BB containing BSA was selected for further optimisation. 
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3.3.6 Validation of the specific optical density and its correlation to inoculum count   

The assay was changed to increase the volume of reaction mixture in the tilt 

method from the CDC method of 7.5 µL to 10 µL. As the assay had now changed during 

optimisation, it was important to validate the suspension of Hib at an optical density (OD) 

of 0.1. An inoculum count between 150-200 cfu per well has shown to make counting 

inaccurate (Martin et al., 2005). A heavy inoculum count can make it harder to distinguish 

separate colonies and may have an effect on titres. Likewise, small errors in dilution 

technique or contaminants can have a large effects on counts of <60 cfu per well. The 

WHO recommends a target cell number of 100 cfu per well for meningococcal SBA assays 

(WHO, 1976). A count between 100-150 cfu per well was investigated and validated for 

the suspension at the OD of 0.1 at 650 nm. Colony forming unit counts are shown in table 

3.3. As a 1/30 dilution produced cfu of 100-150 it was chosen for use in the assay. 

Calculating from the dilution factors, the liquid Hib culture suspension at A650 =0.1 

contains approximately 2.5 x 10
8 

cfu/mL. 
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Table 3.3 Number of cfu of Hib at dilutions of 1/30, 1/40 and 1/50 (OD of 0.1 read at 

650nm) for both T0 and T60 

 

TIMEPOINT  DILUTION COUNT 
MEAN 

COUNT 

T0 

1/30 

111   

128 126 

129   

132   

128   

1/40 

93   

94 90 

91   

82   

88   

1/50 

99   

110 99 

98   

100   

89   

T60 

1/30 

141   

139 140 

139   

146   

136   

1/40 

101   

96 102 

100   

99   

114   

1/50 

116   

118 112 

118   

120   

87   

 

 

This table shows the cfu counts at dilutions of 1/30, 1/40 and 1/50. As a 1/30 dilution 

produced cfu of 100-150 it was chosen for use in the assay. 
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3.3.7 Comparison of the incubation length of the target strain prior to use in the Hib 

SBA assay 

In the Hib SBA assay, the target strain is incubated for a minimum of 16 hours for 

bacterial growth prior to use in the assay. As the incubation time of the target strain can 

have an effect on bacterial surface antigen expression and growth, a suitable incubation 

period that would not have an effect on the SBA titre was investigated. A total of eleven 

pre and post Hib vaccination serum samples were assayed in the optimised Hib SBA to 

compare SBA titres when using the Hib target strain incubated for either 16, 17, 18, 19, 20, 

21, 22, 23 or 24 hours prior to use in the assay. One sample was removed from calculations 

as it failed assay acceptance criteria for being greater than the top dilution at both time 

points. Two samples also failed to get a result at 24 hours at T60, one due to inconsistent 

titres produced and one sample exceeding the top dilution. As most samples were 

producing results within similar titre steps of each other, a time of 16 to 24 hour growth of 

the target strain prior to use in the assay was used. Data for T0 are presented in figure 3.5 

and for T60 are presented in figure 3.6. 
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Figure 3.5  Comparison of SBA titres calculated at T0 for each serum sample, when using the target strain M07 240381 which had been 

incubated at 16 to 24 hours 

 

 

 

A total of  7/10 samples produced SBA titre steps that are were within three SBA titres of each other when incubated for 16, 17, 18, 19, 20, 21, 

22, 23, or 24 hours. Therefore a 16-24 hour incubation time was acceptable for growth prior to use in the Hib SBA assay. 
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Figure 3.6  Comparison of SBA titres calculated at T60 for each serum sample, when using the target strain M07 240381 which had  been 

incubated at 16 to 24 hours 

 

 

A total of  8/10 samples produced SBA titre steps that are were within three SBA titres of each other when incubated for 16, 17, 18, 19, 20, 21, 

22, 23, or 24 hours. Therefore a 16-24 hour incubation time was acceptable for growth prior to use in the Hib SBA assay. No data are shown for 

samples 011A and 020B at 24 hours incubation due to inconsistent titres produced and exceeding the top dilution, respectively.
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3.4  Validation of the Hib SBA assay  

The Hib SBA assay was validated by evaluating the assay parameters of specificity, 

accuracy, assay precision/reproducibility and linearity. 

 

3.4.1 Specificity, inhibition 

Results for inhibition are shown in table 3.4. Nineteen post Hib vaccination 

samples were inhibited with 200 µg/mL of  Hib polysaccharide (homologous) and Men C 

polysaccharide (heterologous).  A hundred percent (19/19) of homologous (Hib 

polysaccharide) inhibited results had a reduction of >2 SBA titres. Whilst 95% (18/19) of 

heterologous (Men C polysaccharide) inhibited titres were ≤2 titres of the neat titre. Both 

homologous and heterologous inhibition exceed the acceptance criteria of ≥85%. Therefore 

Hib strain M07 240381 passed this validation acceptance criterion.  
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Table 3.4  Hib SBA assay validation-inhibition analysis with homologous Hib 

polysaccharide and heterologous Men C polysaccharide 

 

  Hib Men C  

Sample 

Neat titre 

result (no 

inhibitor) 

Inhibited 

titre 

Titre 

difference 

Inhibited 

titre 
Titre difference 

001B 4096 <8 -10 2048 -1 

002B 4096 <8 -10 8192 1 

004B 2048 <8 -9 4096 1 

007B 4096 <8 -10 1024 -2 

009B 16384 <8 -12 16384 0 

020B 2048 <8 -9 2048 0 

05B 512 <8 -7 512 0 

013B 4096 <8 -10 2048 -1 

031B 4096 <8 -10 4096 0 

017B 16384 <8 -12 16384 0 

027B 4096 <8 -10 4096 0 

014B 4096 <8 -10 2048 -1 

018B 256 <8 -6 256 0 

022B 1024 <8 -8 1024 0 

023B 2048 <8 -9 1024 -1 

024B 16384 <8 -12 8192 -1 

025B 4096 <8 -10 4096 0 

026B 2048 <8 -9 2048 0 

035B 2048 <8 -9 128 -3 

Total number of results 19 -  19 

No. of results with reduction >2 

titres 19  - 1 

No. of results with reduction of 

< 2 titres 0  - 18 

Percentage of sample results 

within acceptance criteria 100%  - 95% 

Both homologous and heterologous inhibition exceeds the acceptance criteria of ≥85%.  

Specificity was therefore deemed acceptable.  
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3.4.2 Specificity, spiking 

Known Hib SBA negative samples were spiked with a known Hib SBA positive 

sample in three different ratios. The spiked negative results (x dilution factor) were 

compared to the SBA positive sample result. Results for spiking are presented in table 3.5. 

Ninety three percent of the results (x the dilution factor) were within the acceptance criteria 

of ±1 SBA titre of the neat positive sample result. Samples with no detectable SBA titre 

were expressed as <8. Specificity was deemed acceptable as Hib strain M07 240381 

exceeded the acceptance criteria of ≥85%.  
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Table 3.5   Hib SBA assay validation- Spiking a known negative SBA sample with a known positive SBA sample 

                  

Difference in SBA titre 

between spiked result (x 

dilution factor) and neat 

+ve result 

                  

  Observed Titres 

Spiked result x dilution 

factor 

      Spiked samples 1:2 1:4 1:8 

Negative 

Sample 

Neat    

–ve 

titre 

Neat 

+ve 

titre 

(017B) 1:2 1:4 1:8 (x2) (x4) (x8) 1:2 1:4 1:8 

001A <8 8192 8192 4096 1024 16384 16384 8192 +1 +1 0 

002A <8 8192 4096 2048 4096 8192 8192 32768 0 0 +2 

004A <8 32768 16384 8192 8192 32768 32768 65536 0 0 +1 

009A <8 8192 8192 2048 16384 16384 8192 131072 +1 0 +4 

020A <8 32768 16384 16384 4096 32768 65536 32768 0 1 0 

Total no of results 15 

No of results (x dilution factor) within +/- 1 SBA titre of +ve sample 13 

Percentage of results within the acceptance criteria (results (x dilution factor) within ± 1 

SBA titre of neat +ve titre) 86.6% 

 

This table shows that validation passed the acceptance criteria as ≥85% of results (x dilution factor) were within ±1 SBA titre of the neat positive 

sample titre.
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3.4.3 Accuracy 

Spiking analysis (section 3.4.2) was repeated five times to measure accuracy. Of 

the results 91%, (x dilution factor) were within ±1 SBA titre of the neat positive titre. This 

exceeds the acceptance criteria of ≥85%. All negative samples (100%) had a titre of <8. In 

addition to this 89% of results were within the acceptance criteria of ±1 SBA titre of the 

median (for that negative sample for that spiking ratio). Hib strain M07 240381 exceeded 

the acceptance criteria of ≥85% and therefore passed validation. The results are presented 

in table 3.6 

  

3.4.4 Intra assay/inter assay precision 

Intra and inter assay reproducibility are used to measure assay reproducibility and 

operator  reproducibility. For intra assay reproducibility, 36 samples were assayed 5 times 

on the sameday/run. Of the 36 samples assayed, 98% of the results were within the 

acceptance  criteria of ≥85% (table 3.7). Therefore Hib strain M07 240381 passed the intra 

assay validation  acceptance criteria.  

For inter assay reproducibility, 39 samples were assayed to gain 5 results on 

different runs/days . Of the results, 92% were within the acceptance criteria of within ± 1 

SBA titre of the median (table 3.8). This exceeds the acceptance criteria of >85%. Hib 

strain M07 240381 passed the validation acceptance criteria for this parameter.  
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Table  3.6 Hib SBA assay validation- Accuracy analysis  

Negative 

sample 
Replicate 

Observed Titres Spiked result x dilution factor 

Difference in SBA titre 

between spiked result (x 
dilution factor) and neat +ve 

result 

Neat (-ve) 

titre 

Neat (+ve) 

titre 

Spiked samples 1:2 1:4 1:8 
1:2 1:4 1:8 

1:2 1:4 1:8 (x 2) (x 4) (x 8) 

002A 

1 <8 16384 8192 4096 1024 16384 16384 8192 0 0 -1 

2 <8 16384 4096 4096 1024 8192 16384 8192 -1 0 -1 

3 <8 16384 4096 4096 2048 8192 16384 16384 -1 0 0 

4 <8 8192 4096 1024 1024 8192 4096 8192 0 -1 0 

5 <8 16384 4096 4096 4096 8192 16384 32768 -1 0 +1 

Median SBA titre 8192 16384 8192 n/a 

009A 

1 <8 16384 16384 8192 4096 32768 32768 32768 +1 +1 +1 

2 <8 32768 16384 8192 4096 32768 32768 32768 0 0 0 

3 <8 16384 8192 4096 4096 16384 16384 32768 0 0 +1 

4 <8 16384 8192 2048 512 16384 8192 4096 0 -1 -2 

5 <8 16384 4096 4096 1024 8192 16384 8192 -1 0 -1 

Median SBA titre 16384 16384 32768 n/a 

011A 

1 <8 16384 16384 8192 4096 32768 32768 32768 +1 +1 +1 

2 <8 32768 8192 8192 4096 16384 32768 32768 -1 0 0 

3 <8 8192 4096 2048 4096 8192 8192 32768 0 0 +2 

4 <8 16384 8192 4096 2048 16384 16384 16384 0 0 0 

5 <8 16384 16384 8192 2048 32768 32768 16384 +1 +1 0 

Median SBA titre 16384 32768 32768 n/a 

012A 1 <8 16384 8192 2048 1024 16384 8192 8192 0 -1 -1 
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Table 3.6 Hib SBA assay validation- Accuracy analysis (continued) 

 

012A 

2 <8 32768 16384 16384 16384 32768 65536 131072 0 +1 +2 

3 <8 16384 4096 4096 4096 8182 16384 32768 -1 0 +1 

4 <8 16384 4096 4096 1024 8192 16384 8192 -1 0 -1 

5 <8 8192 4096 2048 2048 8192 8192 16384 0 0 +1 

Median SBA titre 8192 16384 16384 n/a 

001A 

1 <8 16384 4096 2048 512 8192 8192 2048 -1 -1 -3 

2 <8 16384 4096 2048 1024 8192 8192 4096 -1 -1 -2 

3 <8 8192 4096 2048 1024 8192 8192 4096 0 0 -1 

4 <8 16384 8192 2048 1024 16384 8192 4096 0 -1 -2 

5 <8 4096 4096 4096 2048 8192 16384 8192 +1 +2 +1 

  Median SBA titre 8192 8192 4096 n/a 

Total no. of results (spiked result x dilution factor) 75 n/a 

No. of results (spiked result x dilution factor) within  ± 1 SBA titre of the median 67 n/a 

Percentage of results within the acceptance criteria (± 1 SBA titre of the median) 89%  n/a 

Total no. of results (Difference in SBA titre between spiked and neat result)  n/a 75 

No. of results (x dilution factor) within ±1 SBA titre of neat +ve sample titre  n/a 68 

Percentage of results within the acceptance criteria (results (x dilution factor) within 
±1SBA titre of the neat +ve titre)  n/a 91% 

 

 

Validation passed as acceptance criteria was > 85 % of results (spiked result x dilution factor) within ± 1 SBA titre of the median AND  > 85 % 

of results (x dilution factor) within ±1 SBA titre of the neat +ve sample titre 
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Table 3.7 Hib SBA assay validation- Intra assay precision 

      Replicate         

Sample 1 2 3 4 5 Median 
No. of samples 

within ±1 titre from 

median including 

negative results 

No. of samples within 

±1 titre from median 

excluding negative 

results 

001A <8 <8 <8 <8 <8 <8 5/5 n/a 

002A <8 <8 <8 <8 <8 <8 5/5 n/a 

004A <8 <8 <8 <8 <8 <8 5/5 n/a 

007A 256 256 256 256 256 256 5/5 5/5 

009A <8 <8 <8 <8 <8 <8 5/5 n/a 

011A <8 <8 <8 <8 <8 <8 5/5 n/a 

013A <8 <8 <8 <8 <8 <8 5/5 n/a 

014A 512 512 1024 1024 512 512 5/5 5/5 

017A <8 <8 <8 <8 <8 <8 5/5 n/a 

018A 512 128 512 512 512 512 4/5 4/5 

020A <8 <8 <8 <8 <8 <8 5/5 n/a 

022A <8 <8 <8 <8 <8 <8 5/5 n/a 

024A <8 <8 <8 <8 <8 <8 5/5 n/a 

026A <8 <8 <8 <8 <8 <8 5/5 n/a 

027A <8 <8 <8 <8 <8 <8 5/5 n/a 

028A <8 <8 <8 <8 <8 <8 5/5 n/a 

032A <8 <8 <8 <8 <8 <8 5/5 n/a 

002B 2048 4096 4096 4096 4096 4096 5/5 5/5 

004B 16384 16384 16384 8192 4096 16384 5/5 5/5 

007B 1024 2048 4096 2048 2048 2048 5/5 5/5 

009B 8192 16384 16384 32768 32768 16384 5/5 5/5 
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Table 3.7 Hib SBA assay validation- Intra assay precision (continued) 

 

010B 512 1024 1024 512 512 512 5/5 5/5 

013B 4096 4096 4096 4096 4096 4096 5/5 5/5 

014B 4096 4096 4096 2048 4096 4096 5/5 5/5 

017B 32768 65536 65536 32768 32768 32768 5/5 5/5 

018B 1024 1024 2048 2048 2048 2048 5/5 5/5 

020B 4096 4096 4096 8192 8192 4096 5/5 5/5 

022B 1024 512 1024 1024 1024 1024 5/5 5/5 

023B 2048 4096 4096 4096 4096 4096 5/5 5/5 

024B 16384 8192 8192 8192 8192 8192 5/5 5/5 

025B 2048 2048 2048 1024 2048 2048 5/5 5/5 

026B 2048 4096 4096 4096 4096 4096 5/5 5/5 

027B 16384 16384 16384 32768 16384 16384 5/5 5/5 

028B 4096 1024 4096 8192 8192 4096 4/5 4/5 

05B 1024 1024 2048 1024 1024 1024 5/5 5/5 

035B 2048 2048 2048 1024 512 2048 4/5 4/5 

      Total number of results   180 110 

No. of results within the acceptance criteria (within ±1 SBA titre of 

the median) 177 107 

percentage of results within the acceptance 

criteria     98% 97% 

 
 

Validation passed as acceptance criteria was ≥85% of results (excluding negative results) within ±1 SBA titre of the median. Where negative 

samples were excluded from results not applicable (N/A) was inserted in to the table. 
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Table 3.8 Hib SBA assay validation- Inter assay precision  

      Replicate           

Sample 1 2 3 4 5 Median 

No. of samples 

within ±1 titre from 

median including 

negative results 

No. of samples 

within ±1 titre 

from median 

excluding 

negative results 

001A <8 <8 <8 <8 <8 <8 5/5 n/a 

002A <8 <8 <8 <8 <8 <8 5/5 n/a 

003A <8 <8 <8 <8 <8 <8 5/5 n/a 

004A <8 <8 <8 <8 <8 <8 5/5 n/a 

007A <8 <8 <8 <8 <8 <8 5/5 n/a 

009A <8 <8 <8 <8 <8 <8 5/5 n/a 

011A <8 <8 <8 <8 <8 <8 5/5 n/a 

012A <8 <8 <8 <8 <8 <8 5/5 n/a 

013A <8 <8 <8 <8 <8 <8 5/5 n/a 

016A <8 <8 <8 <8 <8 <8 5/5 n/a 

017A <8 <8 <8 <8 <8 <8 5/5 n/a 

020A <8 <8 <8 <8 <8 <8 5/5 n/a 

021A <8 <8 <8 <8 <8 <8 5/5 n/a 

022A <8 <8 <8 <8 <8 <8 5/5 n/a 

024A <8 <8 <8 <8 <8 <8 5/5 n/a 

026A <8 <8 <8 <8 <8 <8 5/5 n/a 

027A <8 <8 <8 <8 <8 <8 5/5 n/a 

028A <8 <8 <8 <8 <8 <8 5/5 n/a 

032A <8 <8 <8 <8 <8 <8 5/5 n/a 

001B 8192 8192 4096 4096 2048 4096 5/5 5/5 

002B 16384 8192 8192 4096 4096 8192 5/5 5/5 
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Table 3.8 Hib SBA assay validation- Inter assay precision (continued) 

004B 2048 8192 1024 16384 8192 8192 3/5 3/5 

007B 2048 2048 8192 8192 4096 4096 5/5 5/5 

013B 4096 4096 4096 8192 1024 4096 4/5 4/5 

014B 2048 1024 2048 2048 1024 2048 5/5 5/5 

017B 32768 32768 16384 16384 8192 16384 5/5 5/5 

018B 512 1024 512 1024 2048 1024 5/5 5/5 

020B 4096 4096 4096 4096 2048 4096 5/5 5/5 

022B 2048 1024 2048 2048 1024 2048 5/5 5/5 

023B 2048 2048 2048 2048 2048 2048 5/5 5/5 

024B 8192 8192 8192 8192 1024 8192 4/5 4/5 

025B 2048 2048 2048 2048 4096 2048 5/5 5/5 

026B 2048 16384 4096 2048 2048 2048 4/5 4/5 

027B 4096 16384 65536 32768 32768 32768 4/5 4/5 

028B 8192 4096 2048 2048 16384 4096 4/5 4/5 

030B 128 128 128 512 128 128 5/5 5/5 

031B 4096 8192 4096 8192 2048 4096 5/5 5/5 

05B 1024 512 1024 2048 2048 1024 5/5 5/5 

035B 2048 2048 4096 2048 512 2048 4/5 4/5 

      Total number of results   195 100 

No. of results within the acceptance criteria (within ±1 SBA titre of the 

median) 187 92 

percentage of results within the acceptance criteria     96.0% 92% 

 

Validation passed as acceptance criteria was ≥85% of results (excluding negative results) within ±1 SBA titre of the median
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3.4.5 Linearity/recovery analysis 

Eighty nine percent of results were within the acceptance criteria of within ±1 SBA 

titre of the median. As this is greater than the acceptance criteria of ≥85%, Hib strain M07 

240381 passed the validation (table 3.9). SBA titres for each sample (diluted result x 

dilution factor and undiluted) were plotted in a scatter graph to show the correlation 

between the neat and the recovery of the titre. A strong correlation was shown (r= 0.89) as 

shown in figure 3.7. 
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Table 3.9  Hib SBA assay validation-  linearity 

Sample  

Observed SBA  

Diluted results x 

dilution factor 
Difference in SBA titre between diluted 

result (x dilution factor) and neat results, 

including negative results 

Difference in SBA titre between 

diluted result (x dilution factor) and 

neat results, excluding negative results Neat titre 1:4 dilution 1:4 (x 4) 

001B 16384 1024 4096 -2 -2 

002B 32768 8192 32768 0 0 

004B 16384 4096 16384 0 0 

007B 4096 1024 4096 0 0 

009B 16384 8192 32768 +1 +1 

013B 8192 2048 8192 0 0 

014B 4096 1024 4096 0 0 

017B 131072 8192 32768 -2 -2 

020B 4096 1024 4096 0 0 

022B 2048 512 2048 0 0 

023B 4096 512 2048 -1 -1 

024B 8192 2048 8192 0 0 

025B 2048 512 2048 0 0 

026B 2048 256 1024 -1 -1 

027B 32768 8192 32768 0 0 

028B 4096 1024 4096 0 0 

031B 4096 1024 4096 0 0 

05B 4096 512 2048 -1 -1 

Total No. of results 18 18 

No. of results within the acceptance criteria (within + 1 SBA titre of the median) 16 16 
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Table 3.9 Hib SBA assay assay validation- Linearity (continued) 

Percentage of results within the acceptance criteria 89 89 

 

This table shows validation passed the acceptance criteria as > 85% of results (excluding negative results) were within + 1 SBA titre of the 

median. 
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Figure 3.7 Linearity analysis 

 

A strong correlation ( r=0.89) was observed between the neat positive SBA result and the diluted (x4) SBA result indicating that samples can be 

diluted and still give comparative results to an undiluted sample. 
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3.4.6 Validated Hib SBA assay correlation with previously determined anti-PRP IgG 

concentrations 

Following validation the assay was deemed acceptable in all assay parameters 

tested. The next step was to correlate the pre and post Hib vaccination samples used for 

validation with previously determined anti-PRP IgG concentrations. The Hib SBA data 

show a strong correlation (r= 0.81) with the anti-PRP IgG concentrations (figure 3.8). 
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Figure 3.8  Correlation of SBA titres of Validation panel sera with previously determined anti-PRP IgG concentrations 

 

 

All SBA titres and IgG concentrations were plotted on log axis. Although a strong correlation (r=0.81) was shown between the two assays, the 

presence of high anti-PRP concentrations and low SBA titres were observed in some sera. 
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3.5  Infant post primary and post booster Hib vaccination responses  

The optimised Hib SBA assay was used to test infant post primary and post booster 

Hib vaccination responses. The data were used to correlate with previously determined 

anti-PRP IgG concentrations. 

3.5.1  Sample size 

A total of 486 infant serum samples were assayed in the validated Hib SBA assay. 

Of these, 280 serum samples were from infants who had been primed with 3 doses of 

Pediacel at 2, 3, and 4 months of age. The remaining 206 samples were from infants who 

had been boosted in the second year of life with Menitorix. Blood samples were taken one 

month after the three dose primary series and one month after the booster. 

3.5.2  Responses to Hib vaccine 

All SBA titres were log-transformed and the GMTs with 95% CI were calculated. 

The GMTs for T0 and T50 time points are presented in figure 3.9. The SBA GMTs for 

primary response (Pedicel) at T0 and T50 time points were 26 (95% CI, 20-34) and 31 

(95% CI, 24-41), respectively. The SBA GMTs for booster response (Menitorix) at T0 and 

T50 time points were 631 (95% CI, 503-791) and 746 (95% CI, 594-938), respectively. 

The SBA GMT was lower following the three dose primary series than after the booster 

response.  
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Figure 3.9  SBA GMT comparison of Hib post primary response and Hib post booster response (T0 and T50 time points)  

 

 

 

The SBA GMT rose significantly after receiving the booster dose when calculated from both T0 and T50 timepoints. Error bars show 95% CI.
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3.5.3  Comparison of the Hib SBA to IgG measured by a Hib bioplex assay 

SBA titres measured by the validated Hib SBA assay were compared to previously 

determined anti-PRP IgG concentrations measured by a Hib Bioplex assay.  Correlation 

analysis was performed for post primary responses and post booster responses. Analysis 

was performed for both T0 and T50 SBA assay time points. A moderate correlation was 

shown for post primary responses shown in figures 3.10 and 3.11. Both T0 and T50 time 

points gave a good correlation coefficient (r) of 0.635. A stronger correlation was shown 

for post booster responses (r= 0.729 at T0, r= 0.746 at T50) shown in figures 3.12 and 

3.13. 

 

3.5.4  Calculating a predictive SBA titre 

The predictive protective SBA titre that corresponds to the established long term 

protective antibody concentration of 1.0 µg/mL was calculated. As a good correlation was 

seen in post booster responses, only these data were used. The predictive protected SBA 

titre was calculated to be 8 at T50 and 6 at T0. When calculating the SBA titre using the 

short term correlate of protection of 0.15 µg/mL, the SBA titre was not determinable as it 

gave a value lower than the lowest starting dilution. 
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Figure 3.10 Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) post primary at T0. The correlation coefficient (r value) 

and the power function equation are displayed at the top of the chart. 

 

 

A moderate correlation (r =0.635) is shown between anti-PRP IgG concentrations and T0 SBA titres for post primary response serum samples. 

Sera with low SBA titres and high anti-PRP IgG concentrations were observed. Conversely sera with high SBA titres and low anti-PRP IgG 

concentrations were observed.
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Figure 3.11 Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) post primary at T50. The correlation coefficient (r value) 

and the power function equation are displayed at the top of the chart. 

 

 

A moderate correlation (r =0.635) is shown between anti-PRP IgG concentrations and T50 SBA titres for post primary response serum samples. 

Sera with low SBA titres and high anti-PRP IgG concentrations were observed. Conversely sera with high SBA titres and low anti-PRP IgG 

concentrations were observed
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Figure 3.12 Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) post booster at T0. The correlation coefficient (r value) 

and the power function equation are displayed at the top of the chart. 

 

 

A stronger correlation (r =0.729) is shown between anti-PRP IgG concentrations and T0 SBA titres for post primary response serum samples. 

Sera with low SBA titres and high anti-PRP IgG concentrations were observed. Conversely sera with high SBA titres and low anti-PRP IgG 

concentrations were observed.
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Figure 3.13 Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) post booster at T50. The correlation coefficient (r value) 

and the power function equation are displayed at the top of the chart. 

 

The strongest correlation (r = 0.746) is shown between anti-PRP IgG concentrations and T50 SBA titres for post primary response serum 

samples. Sera with low SBA titres and high anti-PRP IgG concentrations were observed. Conversely sera with high SBA titres and low anti-PRP 

IgG concentrations were observed.
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3.6 Vaccine failure samples assayed against strains with different copy numbers of the 

cap b locus 

 

3.6.1  Sample size 

A total of 164 serum samples collected from children who developed Hib disease 

despite receiving a Hib containing vaccine (vaccine failures) were assayed in the optimised 

Hib SBA. Five Hib strains containing 1, 2, 3, 4, and 5 copies of the cap b locus were 

assayed against each sample. Due to insufficient sample volume, only 127 samples were 

included in the analysis, having obtained a result for each strain.  

3.6.2  Comparison of GMT`s for each strain 

 The comparison of GMTs for each strain calculated from T0 time point are 

presented in figure 3.14. The comparison of GMTs for each strain calculated from T60 time 

point are presented in figure 3.15. The GMTs at T0 for 1, 2, 3, 4, and 5 copy strains were 40 

(95% CI, 26-63), 22 (95% CI, 14-34), 40 (95% CI, 25-64), 51 (95% CI, 32-83), and 18 (95% 

CI, 12-28), respectively. The GMTs at T60 for 1, 2, 3, 4, and 5 copy strains were 46 (95% 

CI, 29-73), 24 (95% CI, 15-38), 43 (95% CI, 27-69), 55 (95% CI, 33-90), and 20 (95% CI, 

13-31), respectively. At both time points the 5 copy strain produced the lowest GMT. The 2 

copy strain produced the second lowest.  Surprisingly the 4 copy strain had the highest 

GMT, however it wasn’t much higher than the GMT`s for the 1 copy and 3 copy strains. 

What is more, the 4 copy GMT still fell between the upper and lower 95% CI for the 1 copy 

and 3 copy strains. 
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Figure 3.14 Comparison of SBA GMTs of strains containing 1, 2, 3, 4 and 5 copies of the cap b locus calculated at T0 

 

 

 

 

Figure 3.14 Shows the comparison of SBA GMTs at T0 (n=127). The 5 copy strain had the lowest SBA GMT. The 4 copy strain had the highest 

SBA GMT. The 1 and 3 copy produced the same SBA GMT. Error bars show 95% CI. 
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Figure 3.15 Comparison of SBA GMTs of strains containing 1, 2, 3, 4 and 5 copies of the cap b locus calculated at T60 

 

 

 

Figure? Shows the comparison of the SBA GMTs at T60 (n=127). The 5 copy strain had the lowest SBA GMT. The 4 copy strain produced the 

highest SBA GMT. The 1 copy and 3 copy strain had similar SBA GMTs. Error bars show 95% CI.
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3.6.3  Percentage of subjects achieving an SBA titre of ≥8 

Figure 3.16 shows the percentage of subjects achieving an SBA titre of ≥8. The 

strain containing 1 copy of the cap b locus had the highest percentage at T60, with 62 % of 

samples achieving an SBA titre ≥ 8. The 1 copy and 4 copy strain both shared the highest 

percentage at T0 with 61% of samples achieving an SBA titre of ≥ 8. The 5 copy strain had 

the lowest % of samples achieving an SBA titre ≥8 at both T0 and T60 time points.  

 

3.6.4 Correlation between SBA titre and previously determined ant-PRP IgG 

concentration 

SBA titres were correlated with previously determined anti-PRP IgG 

concentrations by a Hib Bioplex assay. A weak to moderate correlation was shown for all 

five copy number strains. The strongest correlation was shown at T0 for the strain 

expressing 5 copies of the cap b locus (r= 0.608). The weakest correlation was seen at T60 

for the strain expressing two copies of the cap b locus (r= 0.457). Data are presented in 

table 3.10. The scatter plots showing the correlation at T0 and T60 time points for each 

strain are listed in Appendix IV.  
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Figure 3.16 Percentage of samples achieving an SBA titre ≥8 for strains containing 1, 2, 3, 4 and 5 copies of the cap b locus 

 

 

Figure 3.16 Shows the percentage of subjects achieving an SBA titre ≥8 (n= 127). The 5 copy strain had the lowest percentage of subjects 

achieving an SBA titre ≥8. The 1 copy strain had the highest percentage of subjects achieving an SBA titre ≥8 at T0 and T60.  
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Table 3.10  Correlation data (r value) calculated between SBA titres and anti-PRP IgG 

concentrations for strains containing 1-5 copies of the cap b locus 

 

 

cap b copy number strain r value (T0) r value (T60) 

1 copy 0.540 0.535 

2 copy 0.463 0.457 

3 copy 0.506 0.509 

4 copy 0.550 0.549 

5 copy 0.608 0.595 

 

 

This table shows that a weak to moderate correlation was shown for all copy number 

strains. The strongest correlation was shown at T0 for the strain expressing 5 copies of the 

cap b locus (r= 0.608). The weakest correlation was seen at T60 for the strain expressing 

two copies of the cap b locus (r= 0.457). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117 

4.0 Discussion 

Although the established correlates of protection (≥ 0.15 µg/mL short term, ≥ 1.0 

µg/mL long term) against Hib disease have been determined through ELISA and RABA, 

their relevance to infants vaccinated with glycoconjugates remains uncertain (Goldblatt et 

al., 1998).  The disadvantage in using ELISA and RABA is that they do not measure the 

functional and possible protective activity of these antibodies. The data of Fothergill and 

Wright in 1933 demonstrated the importance of bactericidal activity for the protection 

against Hib disease (Fothergill and Wright, 1933). It is accepted that functional activity is 

equally important or more so than just the measurement of IgG concentration alone and 

researchers have developed various assays to measure the functional activity of vaccine 

induced antibodies to Hib (Amir et al., 1990a; Schlesinger et al., 1992; Romero-Steiner et 

al., 2001). In other gram negative encapsulated bacteria such as N. meningitidis, 

bactericidal activity is the accepted correlate of protection (Borrow et al., 2001). 

4.1 Replication of CDC method 

This study set out with the initial aim of replicating a previously published SBA 

assay method by the CDC (Romero-Steiner et al., 2001), which is a modification of a 

method described by Schlesinger et al. (1992). A total of 19 post-Hib vaccination samples 

were chosen to assess whether the assay could produce reproducible SBA titres which 

correlated to previously determined anti-PRP IgG concentrations. Five of the samples 

failed to produce titres due to either being greater than the top dilution or, producing 

inconsistent titres. The reason the samples produced inconsistent titres is not known but 

most possibly due to the presence of low avidity antibodies in the sera. The assay was 

shown to be reproducible as > 85% of samples were within three SBA titre steps of each 

other.  A full validation was not performed as the Food and Drug Administration (FDA) 
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guidelines (for bioanalytical method validation) state that a partial validation will suffice 

for a methodological transfer between laboratories.  

A good correlation (r=0.674) was shown between the SBA titres produced in the 

CDC method and anti-PRP IgG concentrations. The CDC SBA assay has been previously 

used to measure functional antibody activity in infant sera following immunisation with 

fractional doses of a Hib conjugate vaccine (Romero-Steiner et al., 2001). Interestingly, the 

researchers did not correlate the SBA titres to IgG antibody concentrations measured by 

ELISA, stating the reasons being that the SBA assay does not distinguish between IgG and 

IgM antibodies, and antibodies of the IgM class have shown to be very potent modulators 

of complement. Although this method has not been used to correlate Hib SBA titres and 

IgG concentrations, it has been used to correlate to other Hib SBA assays using different 

methodologies. SBA assays with a colorimetric and fluorometric endpoint in the presence 

of AlamarBlue were developed by Romero-Steiner et al. (2004) and correlated to the 

standard Hib SBA assay. AlamarBlue is a metabolic indicator which can quantitatively 

measure the proliferation of bacteria, a variety of animal and human cells, mycobacteria 

and fungi. In response to metabolic activity, it yields a colorimetric redox change and a 

fluorescent signal via an indicator (Romero-Steiner et al., 2004). The colorimetric and 

fluorometric SBA assays both allow same day titre determinations using a 

spectrophotometer and a fluorometer, respectively. Both the colorimetric and fluorometric 

SBA assays highly correlated with the standardised Hib SBA (r = 0.87 and r =0.95, 

respectively). What is more, they showed to be faster, more reproducible, and easier to 

perform than the current standardised Hib SBA assay. However, they did show a higher 

sensitivity to buffer conditions and close monitoring was needed for long incubation times 

(Romero-Steiner et al., 2004). Moreover, there are safety issues regarding these assays as 

there will still be live broth cultures in the final step and therefore equipment would have 
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to be placed in the safety cabinet.  The question of whether AlamarBlue will be triggered 

by human cells, present in samples tested in the SBA assay, must also be raised.  

4.2 Development of Hib SBA by adaptation of the CDC method 

The next step in this research project was to adapt the CDC method to standardised 

SBA assay methods currently used in the VEU and elsewhere for N. meningitidis (Borrow 

et al., 2005; Maslanka et al., 1997). Many factors have shown to influence the results of 

measurement of meningococcal SBA activity, including choice of the target strain, growth 

conditions of the bacteria, complement concentration, assay buffer, and target cell number 

(Maslanka et al., 1997). Therefore, various assay parameters were evaluated and optimised 

to produce a reproducible Hib SBA assay. The CDC reports a different method of how to 

grow bacterial cells prior to use in the assay. Bacterial cells that are grown to log phase are 

ideal as they are in a defined metabolic state for reproducibility and antigen expression 

(Anderson et al., 1976; Maslanka et al., 1997). The effect on the SBA titre of Hib strains 

grown for 4 hours on a chocolate agar plate were compared with the CDC method of log 

phase growth in broth. No major differences between the titres were observed, as 83% of 

the samples were within three SBA titre steps of each other. The assay was changed to 

include bacteria grown to log phase on chocolate agar, as it brought the assay in line with 

ones currently being used in the VEU. This finding supports the research by Maslanka et 

al. (1997) who reported no difference in MenC and MenA SBA titres when using bacteria 

grown to log phase in broth or agar. It is also in agreement with Rodriguez et al. (2002) 

who also reported no difference in titres in a Men B SBA assay. 

4.2.1 Comparison of serum/buffer/target strain/complement concentration 

Baby rabbit complement (RC) is widely used as a complement source against 

meningococcal strains A, C, Y and W and is specified in the WHO recommended 

procedure (WHO, 1976). It has not been used in meningococcal serogroup B (Men B) 
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assays as the use of rabbit complement has shown to give falsely high SBA titres due to the 

presence of low-avidity anti-MenB capsular IgM antibody in the test sera (Zollinger and 

Mandrell, 1983; Findlow et al., 2007).  Researchers have reported differences in SBA titres 

produced when comparing rabbit complement (rSBA) and human complement (hSBA) in 

SBA assays against all meningococcal strains (Santos et al., 2001; Gill et al., 2011; 

Findlow et al., 2009). In all reports, RC yielded higher SBA titres than human 

complement, and persons who were considered protective in the rSBA assay were not 

shown to be protected in the hSBA. This was mainly when individuals had an rSBA titre 

between 8 and 64. For meningococcal serogroup C rSBA assays, Borrow et al. (2001) 

proposed a fourfold titre or greater rise between pre and post-vaccination sera as a correlate 

of protection.  

 Ideally a human complement source would be desirable but there are many 

difficulties in collecting large volumes of agammaglobulinemic sera or to screen healthy 

adults which lack intrinsic bactericidal activity in serum. RC which lacks intrinsic 

bactericidal activity is readily available and helps further standardisation between 

laboratories. As SBA titres assayed in the CDC method with RC were shown to correlate 

with anti-PRP IgG concentrations, it was chosen as a suitable complement source to 

develop the Hib SBA assay in the VEU.  

The complement concentration in meningococcal SBA assays has been shown to 

work optimally at 25% (Maslanka et al., 1997). A complement concentration of 31.3% is 

used in the CDC method. A 25% complement concentration was investigated in the Hib 

SBA but the concentration was not activating enough to produce consistent titres. This is 

surprising as earlier studies using a complement concentration of 20% in a Hib SBA, 

showed to be activating enough, however this was using human complement. (Amir et al., 
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1990; Schlesinger et al., 1992). This also accords with a study by Barra et al. (1993) who 

found a 25% complement concentration to be sufficient when using precolostral calf serum 

(serum taken from a neonate calf before the ingestion of immunoglobulin rich colostrum 

from the mother) as the complement source. However, it must be noted that the final well 

volume in this assay was 400 µL and was not performed on a microtitre plate. The total 

well volume in the studies performed by Amir et al. (1990a) and Schlesinger et al. (1992) 

also had a high total well volume of 120 µL. The total well volume, along with the 

complement source, may both be a factor affecting activation. Future work using 

precolostral calf serum and human complement would be help to establish this. 

The serum dilution scheme is important in the SBA assay and a lower starting 

dilution is beneficial in the assay to determine true seronegative titres. By adjusting the 

ratio of serum, buffer, target strain, and complement, the complement concentration was 

adjusted from 31.3% to 33.3%. This enabled the assay to be started at a 1:8 dilution as 

opposed to a 1:16 dilution in the CDC method. In addition, the assay then required less 

volume of complement per well which was favourable due to the high cost of RC 

(£566/100 mL, Pel-freeze, 2012).  

4.2.2 Comparing the incubation length of the serum/buffer/target strain/complement 

The recommended procedure by the WHO (1976) suggests an incubation length of 

30 minutes for Men A and Men C SBA assays. However, an incubation time which allows 

maximum titre generation and a minimum reduction in control wells should be investigated 

(Maslanka et al., 1997), and many laboratories use an incubation length of 60 minutes 

(Maslanka et al., 1997). It was noticed during the replication of the CDC method, that 

quite often, the control well for non complement mediated lysis (column 12) failed to be 

within -30% of column 11 in post-vaccination sera. Acceptance criteria states that the cfu 
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in column 12 should be within -30% of column 11 or the sample will be classed as a fail. 

Investigations showed an increase of up to 30% of viable cfu from T30 to T60 (column 

11). This finding has also been observed by Schelsinger et al. (1992) who reported a 200% 

increase in viable cfu between T0 and T60. It appeared that the column 12 fails at T60 

were due to an inhibited growth as there was no reduction in cfu in column 12 over the 

T30-T60 time period. It seemed the sera containing high amount of antibody in column 12 

would not allow the bacterial cells to grow at the rate in which bacteria in column 11 did. 

This has also been reported in meningococcal serogroup A and C assays (Maslanka et al., 

1997). Therefore, it seems more likely that the column 12 fails are because of an inhibited 

growth rather than cell death. Evidence to support this theory is also the observation that 

there were no column 12 fails when running pre vaccination sera which lacked functional 

antibodies to Hib. The column 12 in pre vaccination serum samples were able to grow 

within -30% of column 11. Secondly, all post vaccination sera were all treated with beta 

lactamase to inhibit any antibiotics in the test sera.   

Because of the inhibited growth observed in column 12 over the T0-T60 time 

period, the incubation was changed from T60 to T50. Activation begins at T30 however 

the clear and consistent titres were not being produced until T50. Although T40 produced 

fewer columns 12 fails, one sample (004B) failed to produce an SBA titre at this time point 

due to the sample producing inconsistent cfu. It seemed T40 time point would not be a 

good incubation time to use at it could cause a large number of samples to fail because of 

inconsistent cfu.  A reduced incubation period is consistent with other published Hib SBA 

assays. Barra et al. (1993) and Denoel et al. (2007) used incubation periods of 30 and 45 

minutes, respectively. However, they both used precolostral calf serum as the complement 

source. Schlesinger et al. (1992) also used a reduced incubation of 30 minutes in a Hib 

SBA assay with human complement.  
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4.2.3 Comparison of incubation period with 5% CO2 and without 5% CO2 

Carbon dioxide enhances growth in Hib strains (Bolmstrom and Karlsson, 2002), 

however, a CO2 environment was thought not to be necessary during the reaction mixture 

incubation when plates are incubated with plate sealers on. Due to safety requirements, 

incubations without plate sealers on, which would allow the CO2 to diffuse into the 

reaction mixture could not be performed. The method was changed to an environment 

without CO2 after observing no difference between titres when compared with and without 

CO2. An incubation period without CO2 is in agreement with SBA assay methods for N. 

meningitidis strains published by other laboratories (Borrow et al., 2005; Liu et al., 2004; 

Martin et al., 2005; Maslanka et al., 1997). Further investigations without plate sealers 

during incubation of the reaction mixture would demonstrate the true effect of CO2 during 

this time. 

4.2.4 Comparison of the media used in the Hib SBA assay 

The chocolate agar plates used in the replication were different to that used by the 

CDC. Initially, the manufacturer (Oxoid) which supplied Columbia horse blood agar for 

meningococcal SBAs to the HPA VEU was chosen. The Oxoid agar was not supporting 

bacterial growth sufficiently in column 12 so other agar, supplied by Biomerieux, was 

investigated. The Oxoid chocolate plates were found to be inferior to chocolate plates 

supplied by Biomerieux. The composition of both agar differ and for reasons unknown the 

Biomerieux plates supported the Hib bacterial colonies better and was chosen for 

optimisation. A possible explanation is that Biomerieux plates contain PolyViteX (not 

present in Oxoid plates), which is reported to enrich the medium with X (hemin) and V 

(NAD) factors which are required growth factors of Hib.  
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4.2.5 Comparison of the use of BSA in bactericidal buffer 

BSA has been widely used in bactericidal buffers in meningococcal SBA assays 

(Frasch and Robbins 1978; Maslanka et al., 1997; Martin et al., 2005). BSA can coat 

bacterial cells which may help avoid non specific killing in the assay. Due to the earlier 

observations of reduced bacterial growth in column 12, BSA was added to the BB as no 

differences were observed between titres. Maslanka et al. (1997) also reported no 

difference in SBA titres in Men A and Men C SBA assays when comparing buffer with 

and without BSA. However, they did report that buffer containing BSA had an increased 

pH after 2-3 weeks of storage which has shown to produce different titres in one laboratory 

which used different lots of BSA (Maslanka et al., 1997). The BSA BB in the Hib SBA 

assay was given a two week expiry date after an observation of reduced control serum 

SBA titres during assay development. It is possible that the change in pH during storage 

could have had an effect on the SBA titres.  

4.2.6 Validation of the optical density and its correlation to inoculum count 

After increasing the volume of reaction mixture in the tilt method, an inoculum 

count which produced 100-150 cfu per well was established to improve the quality of 

counting. A heavy innoculum count would make it harder to distinguish separate colonies 

and therefore may have an effect on the titre. The innoculum count chosen was optimal for 

the colony counting method. Improved methods for colony counting have been described. 

A method that stains bacterial colonies which enables them to be counted with an imaging 

system has shown to be advantageous to current counting methods as it can detect up to 

300 colony forming units (Liu et al., 2004). Other methods include assays with 

colorimetric and fluorometric end points as discussed earlier in section 4.1 (Romero-

Steiner et al., 2004).  
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4.2.7 Comparison of the incubation length of the target strain prior to use in the Hib 

SBA assay  

The handling of the target strain is an important aspect of the SBA assay. An 

interlaboratory standardisation study of a Men B SBA assay showed that different methods 

of colony isolation between different laboratories resulted in marked differences when 

measuring SBA titres between the laboratories (Borrow et al., 2005). Meningococcal SBA 

assays carried out in the HPA VEU require bacteria to be incubated 16-24 hours prior to 

use in the assay to introduce the bacteria into log phase. It has been demonstrated that Hib 

can adapt to changes in the environment by expressing different surface components based 

upon its current growth conditions (Clark et al., 2012) therefore a suitable incubation 

period that would not have an effect on the SBA titre was investigated. An incubation 

period of 16-24 hours was deemed acceptable as 7/10 samples fell within 3 SBA titre steps 

of each other. Also, all (10/10) samples fell within 4 SBA titre steps. Although there was 

not much variability in SBA titre over time, it was noted that 24 hour incubation did 

generate the highest titre for each sample.  Incubation periods <16 hours and >24 hours 

were not investigated as this was not achievable over two consecutive working days.  

4.3 Validation of the optimised Hib SBA assay 

Assay validation is an essential requirement for any bioassay. It is important that 

the results produced are accurate, reliable, and reproducible. The specificity of the assay 

was determined by performing competitive inhibition with Hib and Men C polysaccharide. 

The SBA demonstrated high specificity as shown by complete inhibition in the presence of 

homologous polysaccharide, and no to low inhibition in the presence of heterologous 

polysaccharide, compared to the titre without the added competitor.  One sample (035B) 

had a three titre reduction when inhibited with Men C polysaccharide. This was the only 

outlier as all other samples inhibited with Men C polysaccharide were all within 2 SBA 
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titre steps of the neat (no polysaccharide) result. A possible explanation for this outlier 

could be that the inhibition could have been diluted out when mixing. Specificity was 

investigated further by spiking known SBA negative samples with SBA positive samples 

in three different ratios. When multiplied by the dilution factor (1:8) sample 009A 

produced a titre which was 4 SBA titres higher than the neat positive result. It has been 

reported that circulating IgA which does not activate the classical pathway can block IgM 

and IgG bactericidal activity by both competitive inhibition and non competitive inhibition 

(Griffiss and Goroff, 1983). Maslanka et al. (1997) reported that increased titres may be 

due to a reduced inhibition by IgA, if the bacterial cell number increases, making more 

antigenic epitopes available. Nevertheless, the results demonstrate that the SBA assay is 

specific to Hib. Accuracy was determined by repeated spiking analysis. The SBA assay 

demonstrated high levels of accuracy and no outliers were observed.  

The reproducibility of the assay was investigated in terms of inter and intra assay 

precision. Both inter and intra assay shown higher reproducibility when negative SBA 

results were included in the analysis. This is due to the larger sample size and every 

negative sample passing acceptance criteria. The SBA demonstrated excellent linearity and 

a strong correlation (r=0.89) was observed between neat SBA titres and `recovered` SBA 

titres (diluted result x 4). Samples can be diluted and still give comparative results to 

undiluted. Overall the Hib SBA assay was deemed highly specific, reproducible and 

suitable for conducting research in the HPA VEU which highly correlated to anti-PRP IgG 

concentrations (r=0.81). Although the validated assay demonstrated a strong correlation 

with anti-PRP IgG correlations, there were samples which had a low SBA titre and a high 

anti-PRP IgG concentration. The possible explanations for this observation are discussed in 

the next section (section 4.4). 
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4.4  Infant post primary and post booster responses 

 In England and Wales infants receive Pediacel (DTaP5/IPV/Hib-TT) at 2, 3, and 4 

months of age; Men C conjugate vaccination at 3 and 4 months of age and a pneumococcal 

conjugate vaccine (PCV) at 2 and 4 months of age. Infants are boosted with a combined 

Hib/Men C-TT (Menitorix) vaccine and PCV whilst receiving the first dose of MMR 

(Measles, Mumps and Rubella) vaccine in the second year of life. In this study the SBA 

GMTs following primary vaccination at T0 and T50 time points were 26 (95% CI, 20-34) 

and 31 (95% CI, 24-41), respectively. The SBA GMTs following booster vaccination at T0 

and T50 time points were 631 (95% CI,  503-791) and 746 (95% CI,  594-938), 

respectively. As expected, the SBA GMTs were found to be lower in the primary response 

compared to the booster response.  

The enhanced immune response following Hib booster vaccination has been 

demonstrated elsewhere. A study by Borrow et al. (2010) calculated the anti-PRP IgG 

GMCs before and one month after the administration of Menitorix under the current UK 

immunisation schedule. The percentage of subjects with anti-PRP IgG concentrations 

≥0.15 µg/mL and ≥1.0 µg/mL before and after the administration of Menitorix were also 

calculated. In this study, the anti-PRP IgG GMCs were 0.58 (95% CI, 0.49-0.69) and 43.47 

(95% CI, 36.56-51.70) for before and after the administration of Menitorix, respectively. 

What is more the percentage of subjects achieving an anti-PRP IgG concentration of ≥1.0 

µg/mL were 33% (95% CI, 27-40) and 98% (95% CI, 96-100) before and after the 

administration of Menitorix, respectively. This enhanced immune response supports the 

GMTs for primary and booster responses calculated in this study.  Conversely, the 

percentage of subjects achieving an anti-PRP IgG concentration calculating from ≥0.15 

µg/mL (82% (95% CI, 76-87) and 99% (95% CI, 97-100) before and after Menitorix, 
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respectively) do not demonstrate the same enhancement. This is probably due to the level 

of ≥1.0 µg/mL being more representative of protection. (Käyhty et al., 1983). 

 The protective antibody concentration which is able to confer protection remains 

controversial (Amir et al., 1990a; Granoff and Holmes, 1991; Schlesinger et al., 1992). 

Although the accepted levels of short term (≥0.15 µg/mL) and long term (≥1.0 µg/mL) 

protection have been established, the isotype, avidity and functionality of these antibodies 

can vary among individuals (Käyhty, 1994). This is the first study to correlate Hib SBA 

titres to anti-PRP IgG concentrations in infants under the UK immunisation schedule. The 

results of this study showed a good correlation between SBA titres and anti-PRP IgG 

concentrations in the primary response for both T0 and T50 time points (r= 0.635). A 

stronger correlation was shown in the booster response at T0 and T50 time points (r = 

0.729 at T0, r= 0.746 at T50).  Antibody avidity is the strength of which an antibody binds 

to an antigen. Goldblatt et al. (1998) demonstrated that antibody avidity is relatively low 

following primary immunisation and significantly higher following boosting. The Hib 

SBA assay measures high avidity antibodies, which could explain the stronger correlation 

seen in the booster responses.  

The observation of high anti-PRP IgG concentrations with low SBA titres were 

seen in both primary and booster response scatter plots. Discrepancies were expected as the 

SBA assay measures functional antibodies, regardless of isotype, to the whole organism, 

whereas anti-PRP IgG is simply a measure of total IgG just to the polysaccharide capsule. 

Even so, the discrepancy between high IgG concentration and low SBA could be explained 

by the presence of low avidity antibodies.  Although a high IgG antibody concentration is 

produced it does not represent the functionality of these antibodies. This also accords with 

Findlow et al. (2009) who reported moderate correlations between IgG concentrations 

measured by ELISA, and SBA titres against Men A. They suggested the presence of low 
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avidity antibodies cannot be distinguished in an ELISA which measures both functional 

and non functional antibodies. Schlesinger et al. (1992) reported differences in antibody 

avidity upon vaccination with different Hib conjugate vaccines. They showed high avidity 

antibodies to be more potent than low avidity antibodies, as antibodies of low avidity were 

less active in the assay of complement mediated bactericidal activity. For future work, it 

would be interesting to see if an improved correlation could be seen comparing the Hib 

SBA titres against IgG concentrations measured by an ELISA adapted to select for high 

avidity antibodies. The production of high avidity antibodies is strongly associated with 

memory response and has been considered as a surrogate for successful priming. A person 

primed for memory response will be able to produce specific IgG of high avidity on 

encounter with the relevant antigen and so the measure of antibody avidity may help 

differentiate those successfully primed in infancy with high avidity to those with low 

avidity who are not (Goldblatt et al., 1998). Therefore the Hib SBA assay developed in this 

project could help distinguish those who are primed for memory and those who are not.   

A second observation was the presence of sera with low anti-PRP IgG 

concentrations with high SBA titres. There are several possible explanations for this 

observation. Firstly, the established correlates of protection are a measure of IgG alone. 

The SBA assay is a measure of functional antibodies which can activate the complement 

system which will result in lysis of the bacterial cell (IgG, IgM). The high SBA titre and 

low IgG concentration can be explained by the presence of IgM which has shown to be a 

potent activator of complement. Barra et al. (1993) characterised the serum antibody 

response induced by a Hib conjugate vaccine in infants. They found that the vaccine 

induced the IgG, IgM and IgA classes. What is more they found that the concentrations of 

IgG and IgM rose significantly after 3 doses of the vaccination. Therefore, IgM not 

quantified in the current study, may contribute to SBA activity and affect the correlation 
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between the assays. Further work measuring total IgM in those with high SBA titres and 

low IgG concentrations, would help to establish this. A second possible explanation for the 

discrepancy is the due to the fact that the bioplex assay only measures IgG antibodies 

directed against the PRP polysaccharide of Hib. Although vaccine induced antibodies are 

usually directed to the polysaccharide, other surface antigens such as outer membrane 

proteins, have shown to be immunogenic and have been studied as promising vaccine 

candidates for non-typeable Hi (Chang et al., 2011; Winter and Barenkamp, 2006). 

Antibodies elicited against the outer membrane proteins of Hib could explain the high SBA 

titre and low anti-PRP IgG concentration if they were bactericidal in the SBA assay.  

 A ‘predictive’ SBA titre was calculated using the established correlates of 

protection. The predictive SBA titre, using the long term protective anti-PRP IgG 

concentration of 1.0 µg/mL, was calculated to be 8 and 6 at T50 and T0 time points, 

respectively. It is possible that an SBA titre of 8 would predict protection of Hib disease 

given the good correlation between the two assays; however, these data must be interpreted 

with caution. The scatter plots these data were calculated from use correlation coefficients 

of  r= 0.746 and r= 0.729 for T50 and T0 time points, respectively. Although these values 

suggest a good correlation, they are not strong enough to predict a true protective SBA titre 

especially when they are a measure of two different assay outcomes (quantitative vs 

functional). This corroborates the ideas of Jódar et al. (2003) who reported an antibody 

concentration ≥0.20 µg/mL corresponds to the threshold opsonic antibody titre of 8, for 

protection against pneumococcal infection.  The authors in this paper raised potential 

problems related to the relationship between the ELISA IgG concentrations and 

opsonophagocytic titres. They reported the accuracy of the ELISA may be influenced by 

substances in the sera, reagents and materials. The outcome of the opsonophagocytic 

assays may be affected by the types of phagococytes, bacteria and complement.   
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The overall findings from the evaluation of infant post primary and post booster 

Hib vaccination responses are noteworthy, as they show subjects achieving IgG levels 

considered to be protective of Hib disease, lacked the capacity to kill Hib in the presence 

of complement. Goldblatt et al. (1998) developed an assay for the measurement of anti-

PRP antibody avidity. They found that infants with anti-PRP IgG concentrations < 1.0 

µg/mL following primary immunisation, antibody avidity was low, indicating an absence 

of priming. Therefore, the data in this study supports the question of whether the current 

established correlates of protection of 0.15 µg/mL and 1.0 µg/mL generated through 

ELISA and RABA, remain relevant to infants primed for memory response when they 

have shown to lack functional capability in some subjects. 

4.5 Vaccine failure samples assayed against strains with different copy numbers of 

the cap b locus 

 In the UK, Hib vaccine failure is rare, with an estimated vaccine failure rate of 2.2 

per 100,000 vaccinees (Ladhani et al., 2010b). A six year study by Heath et al. (2000) 

found that 44% of children with Hib vaccine failure had clinical risk factors such as 

prematurity and/or immunological deficiencies (IgA, IgG, IgM). Persons with antibody 

concentrations <1.0 µg/mL were also found to be at risk of Hib vaccine failure. Most 

strains isolated from patients with invasive Hib disease generally posses a duplication of 

the cap b locus, however further amplification has been detected (three, four, five, six 

copies) and has thought to play a role in in Hib vaccine failure (Cerquetti et al., 2006). The 

Hib SBA assay was used to test convalescent sera from children with Hib vaccine failure 

against strains expressing 1-5 copies of the cap b locus, to determine whether this is 

functionally important or not. 
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The results of this study show that increasing copies of the cap b locus may have 

some importance functionally, as the strain containing five copies of the cap b locus gave 

the lowest GMTs calculated at T0 and T60 time points, 18 and 20, respectively. However, 

this is unlikely, as the Hib strain containing 4 copies of the cap b locus produced the highest 

SBA GMT, which also fell between the upper and lower 95% CI for the 1 copy and 3 copy 

strains. The strain containing two copies of the cap b locus gave the second lowest GMT. 

This was surprising as it was hypothesised that as the GMT would decrease with each 

increasing copy strain. The reasons for this are not clear, but a possible explanation is that 

most invasive Hib strains contain a duplication of the cap b locus. This duplicate 

arrangement has shown to serve as a template for further amplification (Cerquetti et al., 

2005). Therefore Hib strains in this duplicate arrangement may be a highly virulent state. 

Studies have also shown that isolates can contain a mixed population of six, five, four, three 

and two copy arrangements of the locus, suggesting that a partial progressive shift from a six 

copy arrangement to a two copy arrangement can occur (Cerquetti et al., 2005, Cerquetti et 

al., 2006). What is more, a study by Cerquetti et al. (2005) showed that clinical presentation 

of Hib meningitis was more frequently associated with 1 or 2 copy strains than with multiple 

copy strains in children with true vaccine failure and unvaccinated children.  

 Another important finding was that the Hib strain containing 5 copies of the cap b 

locus had the lowest percentage of subjects achieving an SBA titre of ≥8. What is more the 

strain containing 1 copy had the highest percentage of subjects achieving an SBA titre of 

≥8 demonstrating that an amplified state may play a role functionally. It is encouraging to 

compare these results to the work of Noel et al. (1996) who found that amplification of the 

cap b locus is associated with decreased susceptibility to complement mediated lysis. 

However, the researchers in this study reported that organisms containing 4 copies of the 

cap locus were more resistant to complement killing than organisms containing 2 copies. 
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The present study showed that the Hib strains containing 2 copies were more resistant to 

complement killing than the Hib strain containing 4 copies. Again reasons for this are 

unknown. It seems unlikely that it was due to the strain, as vaccine failure samples were re 

tested with different strains containing four copies of the cap b locus. Although an 

increased capsule production may be advantageous in evading complement killing, other 

surface components may be a factor affecting SBA titres. Antibodies raised against Hib 

surface proteins (anti P1, P2, P4, P6 and protein D) have been shown to be bactericidal and 

may play an important role in clearance in this study (Hetherington et al., 1993; Gilsdorf, 

1998; Kemmer et al., 2001). It is also noteworthy that most invasive Hib disease are due to 

strains containing 2 copies, so this duplicate state must have some advantage (Cerquetti et 

al., 2006).  

 SBA titres were correlated to previously determined anti-PRP IgG concentrations. 

The strongest correlation (r= 0.608) was shown in correlations against the Hib strain 

containing 5 copies of the cap b locus. Cerquetti et al. (2005) reported a greater proportion 

of strains in true Hib vaccine failures contained multiple copies compared with strains 

from unvaccinated control children. This could explain a greater correlation with the strain 

containing the highest number of copies and the lowest correlation seen in the strain 

containing two copies. The weak correlations were due to the presence of high SBA titres 

with low IgG concentrations and low SBA titres with high IgG concentrations. 

Explanations for these observations have been described earlier in section 4.4.  

 The present study showed no strong association between increased cap b copies 

and SBA titres. This is in contrast to the research of Uria et al. (2008). They identified 

three meningococcal serogroup C isolates that resisted killing by bactericidal antibodies 

induced by the Men C conjugate vaccine. The resistance was due to the presence of an 
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insertion sequence, IS1301, which led to an increase in the transcript levels of surrounding 

genes increasing the amount of capsule expressed. The increasing amount of capsule was 

associated with the down regulation of the alternative pathway. The authors suggested that 

although the insertion may mark as a survival advantage, there are several potential reasons 

why this change is not more widespread. They suggested that the strains may be effectively 

cleared by other immune mechanisms such as opsonophagocytosis, or it may be 

detrimental at other stages of its lifecycle. This could be applied to why multiple cap b 

copies are not an advantage in this study.   In future investigations it might be interesting to 

assay sera from children immunised under the UK primary schedule to see which 

amplified state plays an important role functionally and may pose the most threat to 

children who may develop disease following vaccination.  

 The development of invasive Hib disease in vaccinated individuals is rare. 

Following the introduction of routine Hib immunisation, NTHi now accounts for the 

majority of invasive Hi infections and is a common cause of pneumonia and upper 

respiratory tract infections (e.g otitis media) in children and adolescents (Ladhani et al., 

2010c). Since NTHi lacks a polysaccharide capsule, a number of NTHi outer membrane 

proteins/surface antigens are under development as potential vaccine candidates (Gu et al., 

2003). The recent protein D- based pneumococcal vaccine (PHiD-CV) has shown to offer 

protection aganst otits media suggesting this vaccine may offer some protection against Hi 

strains (Prymula et al.,2006). Development of an assay against the outer membrane 

proteins of NTHi/Hib strains would be important for future work, with the development of 

new NTHi vaccines.   
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4.6  Conclusion 

The Hib SBA assay was deemed highly specific and reproducible, which highly 

correlated to anti-PRP IgG concentrations. It is interesting to note that the correlation ( r 

values) between anti-PRP IgG concentrations and SBA titres were lower in the vaccine 

failure population than in samples taken from children immunised under the UK 

immunisation schedule. It has been shown that children with Hib vaccine failure often have 

an immunoglobulin deficiency (Ladhani et al., 2010a). In the vaccine failure population, 

there were more samples that had a low SBA titre and a high anti-PRP IgG concentration 

which weakened the correlation. It has been discussed that samples with a low SBA titre 

and a high IgG concentration could be due to the presence of low avidity antibodies. If this 

is true, this data would suggest that children with vaccine failure do not make a strong 

antibody reponse with high avidity upon vaccination, and therefore explain the weaker 

correlation seen in this population. Further work using an ELISA selected for high avidity 

antibodies would confirm this.  

The SBA is reliable and reproducible when evaluating the humoral response 

following vaccination.  The predictive SBA titre of 8 must be interpreted with caution as it 

was calculated from a correlation coefficient of r=0.746. There was no strong association 

between the number of cap b copies and SBA titres. Although an increased capsule may be 

an advantage, antibodies to other surface antigens may play a role in clearance. 
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Appendix III (continued) 
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Appendix IV  Scatter plots showing the correlation between anti-PRP IgG concentrations and SBA titres calculated at T0 and T60 time points, 

for strains expressing 1-5 copies of the cap b locus 

 

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T0 for 1 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T60 for 1 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T0 for 2 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T60 for 2 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T0 for 3 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T60 for 3 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T0 for 4 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T60 for 4 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T0 for 5 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 
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Appendix IV (Continued)  

Correlation of anti-PRP IgG concentrations and SBA titres (Log10 values) at T60 for 5 copy strain. The correlation coefficient (r value) is 

displayed at the top of the chart. 

 

 


