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Abstract

Bordetella pertussis is the aetiological agent of whooping cough, a respiratory disease
of humans that causes severe and potentially fatal manifestations in children.
Whooping cough is endemic world-wide accounting for around 50 million cases and
300,000 deaths every year, with epidemics occurring every two to five years (Kerr &
Matthews 2000). Although the current whole-cell and acellular vaccines are effective in
conferring protection from clinical pertussis, they have been associated with serious
systemic and local side reactions in up to a maximum of 18 percent of paediatric

vaccinees after repeated boosters (Gold et al. 2003).

In this study, a suite of single antigen DNA vaccines, combination DNA vaccines and
dual modality vaccines, were developed and evaluated for their potential to induce
humoral and cell-mediated immune responses, and protective efficacy against B.
pertussis, using the mouse respiratory challenge model. This study was based on the
reported claims that DNA vaccines are capable of generating potent humoral and cell-
mediated responses, and protection against numerous viral, parasitic and bacterial
pathogens in small animal models. Four protective antigens, three of which are
included in the currently-marketed acellular pertussis vaccine [aP], were evaluated as
single antigen DNA vaccines, namely filamentous hemagglutinin (FHAB), pertactin
(PRN), a genetically toxoided S1 subunit of pertussis toxin (PTS1.13L.129G) and
genetically toxoided adenylate cyclase-hemolysin (CYAALSS), delivered either by the
intramuscular (IM) route or by the oral route via attenuated Salmonella typhimurium
strain SL3261. The immunogenicity and protective efficacy of these DNA vaccines
was compared to that imparted by the DTaP (Infantrix™), a placebo-immunised group,
and a vector-immunised group of mice. Two DNA vaccines encoding truncated FHA
antigens, representing the entire immunodominant region (pcDNA3.1D/fhaBl) and
dominant B cell epitopes (pcDNA3.1D/fhaB2), induced a predominantly Thl response
with high levels of IFN-y and IL-2 produced by stimulated splenocytes in vitro. An
antigen-specific IgG response was detected in the serum of mice but this was negated by
an equivalent or larger IgG response to FHA in the serum of vector-immunised mice.
Two AC-Hly DNA vaccines, encoding a genetically inactivated CyaA protoxin either
alone (pcDNA3.1D/cyaAL58) or in combination with the accessory protein cyaC



Abstract

(pcDNA3.1D/cyaAL58 + pcDNA3.1D/cyaC), both induced a potent Thl cytokine
response. However, the serum IgG response was not significant due to the presence of
cross-reactive antibodies in the sera of vector-immunised and sham-immunised mice

(placebo).

A DNA vaccine encoding a genetically inactivated S1 subunit of pertussis toxin
(pcDNA3.1D/pts1.13L.129G), induced a purely Th1 response with high levels of IFN-y.
No antigen-specific or cross-reactive IgG was detected in the sera of mice immunised
with pcDNA3.1D/pts1.13L.129G or vector only respectively. In contrast to the other
antigens tested, the pertactin DNA vaccine induced a Th2-type response as indicated by
a significant serum IgG response, the majority of which was IgG1, and lower levels of
IFN-y and IL-2. Mice immunised with each of the single antigen DNA vaccines
showed a significantly improved rates of clearance compared to mice that received the
vector only or placebo. Overall, their protective efficacy was inferior to that of the
DTaP. It has been well established that effective immunisation against such a complex
pathogen as B. pertussis requires multiple antigenic priming, with multi-component
acellular vaccines often providing an improved level of protection compared to mono-
component and two-component acellular vaccines. In order to induce a broad-spectrum
immune response and thereby assess the true protective potential of DNA vaccination, a
five-gene combination DNA vaccine was tested by direct IM injection of naked DNA
(without any added adjuvant). The IM five-gene combination DNA vaccine generated
strong Thl responses to FHA, the inactivated S1 subunit of PT and inactivated CYAA,
and a moderate serum IgG response to PRN. Importantly, the response to each antigen
was equivalent or better than the respective single antigen DNA vaccines, which
indicated that there was no antigenic competition. In fact, co-administration of the five
genes resulted in an enhanced response to each antigen. The portal of entry for B.
pertussis, like many other human pathogens, is via the mucosa and in the case of
pertussis this is limited to the respiratory tract with no systemic dissemination in
otherwise healthy individuals. Whilst the whole cell and acellular vaccines induce a
potent serological response that can protect against B. pertussis infection, it is likely that
the additional priming of a secretory response at the site of colonisation would inhibit
colonisation, improve clearance of the pathogen from the lungs, and limit transmission.
Hence, a five-gene combination DNA vaccine was delivered via the oral route using

attenuated Salmonella typhimurium as the delivery vector, with the aim of stimulating a
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mucosal response in the respiratory tract via the common mucosal pathway. The oral
combination DNA vaccine generated a strong systemic response but a poor mucosal
antibody response to recombinant or native B. pertussis antigens. Mice immunised with
the oral combination DNA vaccine cleared an experimental infection at a significantly
faster rate than mice immunised with the oral vector (S. #yphimurium harbouring the
pcDNA3.1D vector), but the clearance data showed that it was not nearly as effective as

the IM combination DNA vaccine or DTaP.

In an attempt to induce a dichotomous humoral and cell-mediated immune response,
two DNA vaccine prime-acellular vaccine boost regimens were evaluated: a parenteral-
parenteral strategy referred to as the parenteral dual modality vaccine and an oral-
parenteral strategy referred to as the oral dual modality vaccine. Priming involved
administration of a five-gene combination DNA vaccine via either IM injection or oral
gavage, and the boosters consisted of a laboratory constituted three-component acellular
vaccine given via SC injection. Dual modality vaccination successfully induced a
dichotomous Th1/Th2 response that conferred a degree of protection that was
equivalent to that obtained with the commercial DTaP. Interestingly, a mucosal IgG
response was also detected in the lung washes of mice immunised with the laboratory
constituted acellular vaccine (as part of the dual modality vaccines) or Infanrix™ DTaP
that was considered to be due to transudation of antibodies from serum. This study has
been the first to demonstrate that immunisation with a five-gene combination DNA
vaccine can elicit a protective immune response that approaches the level of protection
conferred by DTaP, as judged by the number of days required for clearance of the
pathogen from the lungs of vaccinated mice. In addition, both the parental and the oral
dual modality vaccines were found to provide an equivalent or better protection against
challenge with virulent B pertussis than that imparted by the commercial DTaP. This
was despite the fact that the oral DNA combination vaccine was essentially non-
protective. The induction of humoral and CMI responses, particularly by the parenteral
dual modality vaccine, are highly encouraging and warrant further investigations on the
safety and characterisation of anamnestic immune responses induced by the inclusion of

different types of adjuvants in the vaccine formulations.
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Chapter 1 Literature Review

1.1 The Whooping Cough Syndrome

Whooping cough was recognized as an acute respiratory disease of humans in the 16"
century and the aetiological agent, Bordetella pertussis, was isolated and identified by
Bordet and Gengou in 1906 (Cherry 1999a). Although all age groups are susceptible to
infection, the disease is pronounced in infants due to the severe systemic complications
that can accompany the characteristic paroxysmal cough (Poland 1996). The severe and
potentially fatal complications include convulsions, bronchopneumonia, and
encephalopathy (Mills 2001). Protection, albeit limited in duration, can be conferred by
vaccination. As the recommended vaccination schedule does not commence until 2
months of age and the immune system remains immature throughout the first year of an
infant’s life (Nairn & Helbert 2002), children less than 1 year old are the highest risk
group (Andrews, Herceg & Roberts 1997).

1.1.1 Clinical Disease

Typical pertussis, as defined by the World Health Organization (WHO) consists of the
catarrhal, paroxysmal and convalescent phases. The catarrhal phase manifests as a cold-
like illness with coryza and a mild cough with the onset of these symptoms usually 7 to
10 days after exposure. Whooping cough is highly contagious during the catarrhal
phase. Proliferation of B. pertussis and their subsequent abundance in nasopharyngeal
secretions provides a means of aerosol transmission via droplet spread or direct contact
(Weiss & Hewlett 1986). Progression from a mild asymptomatic cough to convulsive
or violent attacks (paroxysmal cough) indicates onset of the paroxysmal phase.
Excessive mucous production, vomiting and lymphocytosis are additional
manifestations that are commonly observed during this period of infection. A feature of
the paroxysmal cough is the characteristic ‘whoop’ sound that occurs as a result of
inhalation through a narrow glottis. Coughing attacks can occur frequently and can be
so severe that exhaustion and apnoea result. This stage lasts for up to 4 weeks, after
which time the majority of sufferers enter a convalescent phase that is characterised by a
gradual recovery. However, the severe cough can re-emerge in the presence of an

opportunistic infection (Olson 1975).
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Apart from the classical pertussis syndrome, there are several forms of an atypical
infection. Although the cough is the defining symptom of pertussis, it has been reported
that culture-positive neonates and infants have presented with symptoms such as apnoea
and seizures in the absence of paroxysms (Heininger et al. 1997). Adolescents and
adults do not exhibit the characteristic cough and infection can be either asymptomatic
or manifested as a mild but persistent cold-like illness (Cromer et al. 1993; Birkebaek et
al. 1999). B. parapertussis can also infect humans but the disease state is often milder
and far less common than the B. pertussis aetiology, whereas the remaining Bordetella
spp, B. bronchiseptica, B. holmesii, B. avium, B. hinzii and B. trematum rarely cause

infections in humans (Cherry 1999a).

1.1.2 Epidemiology

The incidence of pertussis was clearly influenced by the advent of effective prophylactic
and therapeutic intervention in the mid 1940’s. During the pre-vaccine era, pertussis
was highly endemic with cyclic epidemics that occurred every 2 to 5 years (Cherry
1999a). In the USA alone the reported yearly attack rate was around 200-250/100,000
population from 1922 to 1945 (Figure 1.1) but due to under-reporting the true estimate
was calculated at 872/100,000. Pertussis had such an impact that experimental whole-
killed cell vaccines were tested on humans only 30 years after the organism was first
isolated and upon favourable trials were rapidly approved for clinical use (Cherry
1999a).
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Figure 1.1: Reported incidence of pertussis from 1922 to 1994. The figure indicates the average
notifications in the United States of America over this period (Cherry, 1999a)
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Although the introduction and wide-spread use of pertussis vaccines caused a dramatic
reduction in the incidence of pertussis (see Figure 1.1) this has not corresponded with a
control in the circulation of pertussis (Cherry 1999b). It has recently been reported that
the incidence of whooping cough has risen despite high vaccine coverage in developed
countries such as Australia, Canada, the United States and the Netherlands (Mooi, van
Loo & King 2001). For example Figure 1.2 shows that notifications in the Netherlands
increased markedly from 1995 to 1997 and has continued to remain at this higher level
even with an immunisation rate of 96% (de Melker et al. 1997). Similarly, in Australia
pertussis has been epidemic since 1993 with notifications rising from 2/100,000
population in 1991 to a peak of 30.5/100,000 in 1994, despite a three-dose
immunisation rate approaching 90% (Andrews, Herceg & Roberts 1997).
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Figure 1.2: Recent increases in the reported cases of pertussis in countries with high vaccine coverage.

This graph shows data obtained from The Netherlands since 1989 (Mooi, van Loo & King 2001).

There have been numerous suggestions as to the reasons for the recent and wide-spread
re-emergence of pertussis. Although a number of factors such as increased public
awareness, improvement in notification accuracy, decreased vaccine coverage and a
reduction in vaccine quality could be applicable for developing countries, these
possibilities have been largely excluded for the industrialised countries (de Melker et al.
1997). The adaptation of B. pertussis to vaccination has been suggested as a reason for

the rise in developed countries. Mooi, van Loo & King (2001) DNA fingerprinted
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Dutch strains collected from 1949 to 1996 and found notable changes between the pre-
vaccine and post-vaccine populations of B. pertussis. This divergence was observed as
polymorphisms within the pertussis toxin and pertactin antigens, both of which are

dominant immunogens and components of acellular vaccines (Weber et al. 2001).

Currently the WHO has estimated that globally there are 50 million cases of pertussis
reported each year with approximately 300,000 deaths, and at present it is one of the ten
most common causes of death from infectious disease (Kerr & Matthews 2000). As is
the case with the many vaccine preventable diseases, the majority of the morbidity and
mortality associated with pertussis occurs in the developing countries in which adequate
vaccination, diagnosis and treatment are not provided (Kerr & Matthews 2000). Of
further concern is the belief that the incidence figures may be inaccurate, in that the
rates of both classical pertussis in infants and atypical pertussis in adults are under-

reported (Kerr & Matthews 2000).

The incidence of pertussis in adolescents and adults has become an area of increasing
interest over the last decade. The obvious consequence of undetected and untreated
pertussis in the mature age groups is the potential for transmission to other adults and
more importantly to highly susceptible infants. The recent deaths attributed to pertussis
in Australia have been restricted to infants under two months of age (Andrews, Herceg
& Roberts 1997). Although these infants were too young to be vaccinated it was
concluded that a reduction in the level of pertussis within the community, particularly
from reservoirs such as asymptomatic adults would have diminished the risk of
exposure. In view of the current situation, it is apparent that the immunisation of the
adolescent and adult population is one aspect that will need to be addressed to control
the spread of pertussis. The higher risk of side effects, excessive cost of expanded
vaccination and the perceived weakness of the disease in adults are factors that have

hindered the notion of vaccination beyond infancy (Cherry 1999b; Roduit et al. 2002).
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1.1.3 Treatment

Erythromycin and the newer generation azithromycin and clarithromycin are the current
drugs of choice for the treatment of pertussis, with a recommended course of at least 7
days (Halperin et al. 1997). As a member of the macrolide family of antibiotics these
compounds disrupt bacterial protein synthesis by binding to the 50S ribosomal subunit
and preventing the initiation of translation. Resistance to erythromycin has been
identified (Lewis et al. 1995; Korgenski & Daly 1997). Although currently limited to
several strains there are concerns that screening for antibiotic resistance in B. pertussis
isolates has not been a routine test in clinical laboratories (Wright 1998). The
mechanism of resistance has not yet been identified but it has been shown not to involve
plasmid-encoded methylation of ribosomal RNA, which has been the mode used by
resistant streptococcal and staphylococcal species (Lewis et al. 1995). As is the case
with all other infectious diseases, the continual emergence of antibiotic resistance poses
a limitation on the long-term future of chemotherapy and emphasises the need for the

continual improvement in vaccine development.

1.2 Bordetella pertussis

Bordetella pertussis, the aetiological agent of whooping cough is a gram-negative,
aerobic coccobacillus (Holt 1993). A strict human pathogen, B. pertussis produces an
abundance of virulence factors during infection (Parton 1999). Adhesins such as
filamentous hemagglutinin (FHA), pertactin (PRN), and fimbriae (FIM) are involved in
colonisation of the respiratory mucosa via attachment to ciliated epithelia (Hazenbos et
al. 1995a; Bassinet et al. 2000). By selective attachment to these ciliated epithelial cells
the pathogen avoids the mucociliary escalator, an innate clearance mechanism in which
inhaled bacteria are trapped in mucus and then expelled from the upper respiratory tract.
As the bacteria proliferate in the respiratory tract a multitude of toxins, namely pertussis
toxin, adenylate cyclase hemolysin, dermonecrotic toxin and tracheal cytotoxin are
released (Weiss & Hewlett 1986). These toxins elicit both local effects such as local
tissue damage and necrosis as well as systemic effects that include lymphocytosis,

histamine sensitisation and increased insulin secretion.
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1.2.1 Key Virulence Factors
Filamentous hemagglutinin (FHA), pertactin (P69), pertussis toxin (PTX) and adenylate
cyclase toxin (AC-Hly) have been identified as the four key virulence factors of B.

pertussis (Mills 2001).

1.2.1.1 Filamentous Hemagglutinin

Filamentous hemagglutinin (FHA) is a large 220-kDa outer membrane associated
protein that performs a crucial function in pertussis pathogenesis. The diminished
ability of an FHA-deficient mutant to adhere in vivo or to in vitro cultured epithelial
cells, and the ability of anti-FHA antibodies to inhibit the attachment of virulent micro-
organisms demonstrated that FHA has a central role in adhesion of B. pertussis to the
ciliated epithelia (Tuomanen & Weiss 1985; Urisu, Cowell & Manclark 1985).
Subsequent cloning and sequencing of the FHA structural gene (fhaB) by Relman et al.
(1989) led to the identification of an Arg-Gly-Asp (RGD) tripeptide, a eukaryotic cell
recognition signal, which suggested that FHA also played a role in attachment to
leukocytes. FHA is a highly immunogenic protein. High titers of anti-FHA antibodies
have been detected in human convalescent sera (Simondon et al. 1998) and are elicited
to protective levels following immunisation with commercial pertussis vaccines (Mills
et al. 1998). Similarly, antibodies generated against purified FHA, as a component of
an acellular pertussis vaccine have been shown to be protective in animal models (Sato,
Kimura & Fukumi 1984) and in human clinical trials (Edwards et al. 1995). In addition,
Guzman et al. (1991a) demonstrated that recombinant S. typhimurium expressing FHA

generated both systemic and mucosal antibodies following oral immunisation of mice.

1.2.1.2 Pertactin (P.69)

Brennan et al. (1988) identified a 69-kDa membrane-associated protein (P.69 or
pertactin) using a library of monoclonal antibodies generated against the surface
antigens of B. pertussis. Unlike FHA-deficient mutants, B. pertussis mutants deficient
in pertactin were not inhibited in attachment to ciliated respiratory epithelial cells
(Roberts et al. 1991). However, the identification of an Arg-Gly-Asp (RGD) tripeptide,
which is present in other bacterial adhesins, including FHA, indicated that pertactin may
also have a role in attachment to eukaryotic cells (Leininger et al. 1991). In the same
study, it was demonstrated that purified P69 promoted attachment to Chinese hamster

ovary (CHO) cells in an in vitro adhesion assay. It was thus suggested that in addition

6
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to a possible role in the initial binding of B. pertussis to the respiratory epithelium,
pertactin may also be a factor in either the attachment to phagocytes or other target cells
(Section 1.4.6.1). The detection of highly conserved outer membrane associated
proteins of similar molecular weight to that of pertactin in the other Bordetella spp.
provides further support the notion that pertactin is an essential element in the
pathogenesis of whooping cough (Li et al. 1992). As with FHA, pertactin is also a
potent immunogen of B. pertussis. Both circulating and secretory anti-P69 antibodies
have been detected in the serum of patients recovering from infection, whilst high titers
of serum antibodies have been observed following immunisation with the whole-cell
vaccine (Pw) (Thomas, Redhead & Lambert 1989). In addition, De Magistris et al.
(1988) demonstrated that P69 was recognised by B. pertussis-specific T cell clones

isolated from a convalescent donor.

1.2.1.3 Pertussis Toxin

Regarded as the central virulence factor during infection, pertussis toxin elicits a
number of deleterious effects including leukocytosis, splenomegaly, histamine
sensitisation, hypoglycaemia and hypoproteinemia (Hewlett 1999). Pertussis toxin (PT)
is an exotoxin composed of five subunits (SI1- S5) arranged in a manner that is
consistent with the A-B family of toxins (Locht & Antoine 1995). Subunits S2, S3, S4
and S5 present in a 1:1:2:1 ratio forms the B oligomer, which has been demonstrated to
provide two functions: receptor-mediated binding to the surface of target cells and
translocation of the catalytic domain across the plasma membrane (Burnette et al. 1988).
ADP ribosylation of the mammalian G regulatory proteins by the S1 subunit or A
promoter of the toxin causes interference in communication between the receptors and
effector proteins of the host cell, which results in the observed clinical manifestations
(Locht & Antoine 1995). The central role of pertussis toxin in whooping cough was the
basis for its evaluation as a potentially protective antigen. B. pertussis is the only
member of the genus that produces the ADP-ribosylating exotoxin and emphasises the
importance of pertussis toxin considering that infection with B. parapertussis often
results in a milder or atypical whooping cough syndrome (Linnemann & Perry 1977).
The presence of anti-PT antibodies in convalescent sera and the detection of high titers
following immunisation with the Pw vaccine provided an indication of the protective
potential of PT (Trollfors et al. 1999). The subsequent development and assessment of

acellular pertussis vaccines has provided further insight into the immune response and
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protective efficacy of PT. Phase 1 and 2 clinical trials of a mono-component pertussis
toxoid vaccine revealed a statistically significant correlation between toxin neutralising

antibodies and protection against pertussis (Taranger et al. 2001).

Nicosia & Rappuoli (1987) cloned the entire ptx operon into E. coli and revealed that
although each individual subunit was expressed, the holotoxin was not assembled and
was therefore non-functional. This indicated that B. pertfussis possessed cytoplasmic
accessory proteins involved in the post-translation modification and assembly of the
holotoxin. Considering the inability of other prokaryotes such as E. coli to assemble the
holotoxin, it seems highly unlikely that mammalian cells would have the cytoplasmic
machinery required for expression of the entire PT. Although this appears to be a
limitation in the development of a PT-based DNA vaccine, it has been proven that
immunisation with the S1 subunit alone is effective in generating a protective immune

response in mice (Walker et al 1992; Kamachi et al. 2003; 2004).

1.2.1.4 Adenylate Cyclase-Hemolysin Toxin

Glaser et al. (1988) identified an 8.7 kb DNA fragment from a B. pertussis recombinant
gene library, which encoded a calmodulin-sensitive adenylate cyclase. Sequence
analysis of the cloned DNA revealed an open reading frame consisting of five genes
arranged in an operon, denoted as cya. The cyad gene encodes an inactive protoxin that
exhibits AC activity but is devoid of haemolytic or cell-invasive activity (Sebo et al.
1991). An alcyltransferase encoded by an upstream cyaC gene activates the protoxin by
palmitolyation of the Lysine 983 residue, which confers the invasive and haemolytic
activities that are absent in the precursor (Sebo et al. 1991). Considering the absence of
an N-terminal signal sequence in the protoxin, the three accessory genes downstream of
cyad (cyaB, cyaD and cyaE) have a postulated role in secretion of the active toxin

(Hanski 1989).

The adenylate cyclase-hemolysin toxin (AC-Hly) performs a crucial role in lung
colonisation and the establishment of infection. The C-terminal haemolytic domain
penetrates mammalian phagocytes (neutrophils, monocytes, NK cells and macrophages)
and facilitates translocation of the N-terminal adenylate cyclase across the plasma
membrane, which subsequently catalyses the conversion of the energy-deficient cyclic

adenosine monophosphate from the high-energy compound adenosine triphosphate
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(Weiss & Hewlett 1986). Although mammalian cells possess an adenylate cyclase
enzyme that intrinsically catalyses this conversion, this process is self-limiting to
prevent an unregulated loss of ATP (Lehninger, Nelson & Cox 1993). A unique feature
of AC-Hly is its interaction with the eukaryotic regulatory protein calmodulin, which
increases the catalytic activity of the toxin up to a thousand-fold (Weiss & Hewlett
1986). The dramatic reduction of ATP within the infected phagocyte causes a severe
impairment of normal cellular functions, arsing from an inadequate supply of cellular
energy (Sebo et al. 1991). The resulting inhibition of a phagocyte response is an
essential factor in the establishment of infection considering that mutants defective in
AC-Hly production have been shown to be avirulent, unable to proliferate, and are

rapidly cleared from the lungs (Weiss et al. 1984).

Phagocytosis and killing of B. pertussis by neutrophils is an effective innate defence
mechanism against infection. Lenz et al. (2000) used B. pertussis labelled with green
fluorescent protein (GFP) to demonstrate that up to 99 % of the bacteria phagocytosed
by neutrophils are killed following internalisation. In view of the inhibitory effect of
AC-Hly on neutrophils, the generation of toxin neutralising antibodies would enhance
phagocytosis and thus the clearance of B. pertussis. Weingart et al. (2000) used an in
vitro phagocytosis assay to assess the value of AC-Hly neutralising antibodies in the
prevention of B. pertussis colonisation. It was shown that human immune serum
supplemented with neutralising monoclonal antibodies enhanced phagocytosis of B.
pertussis, however monoclonal antibodies that merely recognised the toxin but failed
neutralise activity were ineffective. High titers of anti-AC-Hly antibodies have been
detected in both the sera of convalescent patients and in adults and children immunised
with the whole cell vaccine (Farfel et al. 1990). Although it was not determined if the
antibodies present were capable of neutralising toxin in vitro, the protective humoral
response elicited by immunisation of mice with native and recombinant AC-Hly
(Hormozi, Parton & Coote 1999) suggests that neutralising polyclonal antibodies
generated in vivo are equally effective in enhancing phagocytosis as the in vitro assay

using monoclonal antibodies.
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1.2.2 Additional Virulence Factors

1.2.2.1 Fimbriae

B. pertussis can express two fimbrial proteins that have been shown to mediate the
binding of non-opsonized B. pertussis to host cells. Fim2 and Fim3 are composed of
distinctive major subunit (22.5 and 22 kDa, respectively) and a common minor subunit
known as FimD. Geuijen et al. (1997) demonstrated that Fim binds to sulphated sugars,
which are ubiquitous on the surface of respiratory cells and secretions. FimD has also
been shown to bind to the very late antigen-5 receptor of monocytes and to indirectly
activate complement receptor type 3 (Hazenbos et al. 1995b). Although the complete
role of fimbriae in pathogenesis remains unclear, deletion mutants are less persistent
than the wild-type (Mooi et al. 1992). Fim2 and Fim3 have been incorporated into
some licensed acellular vaccines; however their inclusion does not appear to augment
the protective efficacy of DTaP (Mills et al. 1998). In contrast, an early clinical trial of
a pertussis WCV in the UK found a correlation between serum agglutinin titers and
protection against whooping cough in infants (Medical Research Council 1956). Of
these serum agglutinin titers, antibodies to FIM have been found to be main

contributors, along with antibodies to pertactin (van den Berg et al. 1999).

1.2.2.2 Dermonecrotic Toxin

Identified by Bordet and Gengou in 1909, dermonecrotic toxin (DNT) was one of the
first known virulence factors of B. pertussis. DNT is a heat-labile toxin that when
injected intradermally causes necrotic lesions in animals and has been observed to be
lethal in mice when given intravenously (Livey & Wardlaw 1984). It is a single
polypeptide of 140 kDa that appears to be cytoplasmic rather than secreted (Horiguchi,
Sugimoto & Matsuda 1994). It is believed to cause inflammation, vasoconstriction and
lesions around the areas of colonisation but the precise mode of action is not well
understood. In fibroblastic cell lines, DNT has been reported to inhibit both alkaline
phosphatase activity and expression of type-I collagen and to also stimulate DNA and
protein synthesis in the absence of cell division, resulting in polynucleation (Horiguchi,
Sugimoto & Matsuda 1994). Unlike other virulence factors, a deficiency of DNT in a
mutant strain did not adversely affect its virulence or pathogenicity compared to a wild-
type (Weiss & Goodwin 1989). This lack of a perceived effect on B. pertussis virulence
and the limited understanding of its action were the reasons for exclusion of DNT as a

candidate antigen for DNA vaccination.
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1.2.2.3 BrkA

BrkA (Bordetella resistance to killing) has been demonstrated to provide a role in
resistance to serum killing by the antibody-dependent classical pathway of complement
activation. The brk locus was identified as a source of resistance following the
characterisation of a Tn5-induced mutant that showed a dramatic increase in sensitivity
to immune serum (Weiss et al. 1983). The increased serum sensitivity was also
observed with a previously identified Bvg mutant, but was absent with mutants of other
Bvg-regulated virulence factors (Weiss et al. 1983). Subsequent cloning and
sequencing of the locus revealed two open reading frames (Fernandez & Weiss 1998).
The brkA ORF encodes a 103-kDa precursor that is processed at the C-terminal domain
to yield the mature 30-kDa BrkA, a putative outer membrane protein (Fernandez &
Weiss 1998). The current evidence that supports the role of BrkA as a mediator of
resistance to the classical complement pathway has been outlined in section 1.2.4.2,

which pertains to the mechanisms of immune system subversion by B. pertussis.

In addition to serum resistance, BrkA has been suggested as an additional mediator of
attachment to host cells due to a 29% sequence homology to pertactin (Fernandez &
Weiss 1998). The importance of BrkA to pathogenesis has been demonstrated by two
investigations. Weiss & Goodwin (1989) found that a brkA-depleted mutant had
significantly decreased virulence in mice compared to a wild type strain. Later, Oliver
& Fernandez (2001) demonstrated that neutralising antibody to BrkA enhanced the
bactericidal activity of B. pertussis anti-serum. Although BrkA was not chosen as a
candidate for this study, the evidence suggests that its inclusion in future vaccine

research is warranted.

1.2.2.4 Tracheal Cytotoxin

Tracheal cytotoxin (TCT) is believed to perform a central role in the destruction of
ciliated tracheal epithelial cells, which is an early and significant feature in the onset of
whooping cough (Parton 1999). Although the precise mechanisms of epithelial damage
have not yet been revealed, the cytopathic effect of B. pertussis infection has been
mimicked in vitro by the addition of purified TCT to cultured tracheal epithelial cells
(Cookson et al. 1989). Characterisation of TCT revealed that it is a soluble fragment of
cell wall peptidoglycan (Rosenthal et al. 1987). The structure was later identified as N-
acetylglucosaminyl-1,6-anhydro-N-acetylmuramyl-(L)-alanyl-y-(D)-glutamyl-meso-
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diaminopimelyl-(D)-alanine, a small 921 Da disaccharide-tetrapeptide monomer
(Cookson et al. 1989). Of interest is the range of biological activities that these
muramyl peptides exhibit in addition to cytotoxicity, such as adjuvanticity,
pyrogenicity, arthritogenicity and modulation of cell-mediated immune responses

(Adam & Lederer 1984).

1.2.2.5 Lipopolysaccharide

As with the endotoxin of other gram-negative bacteria, the lipopolysaccharide (LPS) of
B. pertussis is pyrogenic, mitogenic and toxic to host cells (Watanabe et al. 1990). B.
pertussis LPS is composed of a lipid A portion linked to a branched oligosaccharide
core and a trisaccharide and is structurally unique from other Bordetella spp. in that it
lacks a repetitive O antigen (Peppler 1984). Allen and Maskell (1996) identified the 12-
gene wlb locus that was required for the biosynthesis of the trisaccharide component.
Mutants with targeted disruptions to these wilb genes were shown to be defective in
colonisation of the respiratory tract compared to a wild-type strain (Harvill et al. 2000).
These mutants were also significantly more sensitive to antibody-mediated killing in
vitro, which indicated that LPS and in particular the trisaccharide component may
provide the organism with an additional means (other than BrkA) for resistance to the
classical complement pathway (Harvill et al. 2000). As a potent T cell mitogen, LPS
can stimulate the release of inflammatory cytokines such as TNF-a and IL-12 from
macrophages (Remoue et al. 1997; McNeela & Mills 2001). High levels of LPS-
specific IgA and IgM has also been detected in the serum of infected or convalescent
children (Novotny et al. 1991). Although not practical for use as a DNA vaccine LPS

has an important role in both pathogenesis and immunity to pertussis.

1.2.3 Regulation of Virulence-Associated Gene Expression

B. pertussis possesses a two-component signal transduction system, known as BvgA/S
that controls virulence factor expression. The Bvg system co-ordinately regulates the
expression of two types of genes, the virulence-associated genes (vag) and the
virulence-repressed genes (vrg). The control mechanism for this virulence regulation
was found to originate from a single locus following studies of a Tn5-induced avirulent-
phase mutant (Weiss et al. 1983; Weiss & Falkow 1984). Sequence analysis of this vir
locus revealed similarities to the signal transduction systems of other bacterial

pathogens such as OmpR and EnvZ from E. coli (Arico et al. 1989). The subsequently
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re-named bvg locus was demonstrated to have two open reading frames that encoded a
135-kDa transmembrane histidine kinase (BvgS) with a sensory and transmissive role
and a 23-kDa cytoplasmic regulator (BvgA) that bound to DNA upon activation
(Scarlato et al. 1990).

In a cascade of events that is relatively complex compared to other two-component
systems, vag activation is initiated by the auto-phosphorylation of BvgS.
Phosphorylated BvgS then activates the BvgA receiver/regulator by a second
phosphorylation. Activated BvgA binds directly upstream to the promoter regions of
the fha, bvgA and act genes that encode FHA, BvgA and Act and initiates transcription.
Over-expression of BvgA and Act results in the sequential activation of other vag’s.
Hence, the bvg locus is pleiotropic and controls the expression of upwards of 20
virulence factors that include the FHA, pertactin, PTX, AC-Hly, DNT, FIM, and BrkA.
Although all of these genes are under direct control of BvgA/S, their promoters have
subtle differences that alter the time-course of expression. Under virulence permissive
conditions promoters of the vag are activated in a systematic order but in presence of

certain environmental stimuli or mutation, the BvgA/S system becomes inactivated.

These two mechanisms identified as the triggers for BvgA/S inactivation are phenotypic

modulation and phase variation.

1.2.3.1 Phenotypic Modulation

In a number of studies, growth in the presence of high concentrations of MgSO,4 and
nicotinic acid, or at a reduced temperature of 25°C was observed to cause a decrease or
elimination in the expression of virulence factors (Lacey 1960; McPheat, Wardlaw &
Novotny 1983). Importantly, it was also demonstrated that a return to permissive
conditions resulted in a shift back to the virulent phase (Idigbe, Parton & Wardlaw
1981). Later, Melton & Weiss (1993) determined that in the presence of these
environmental cues BvgS cannot auto-phosphorylate and therefore BvgA cannot be
activated. An example of phenotypic modulation by the BvgA/S system has been

outlined in Figure 1.3.

13



Chapter 1 Literature Review

COORDINATE REGULATION — VIR "ON™

e S Periplasm
g Cytoplasm
BvaS || BwgS
Eg!d%ng_._l \E) —~ @—Phosphate
u r@:ﬂ
iBvgal

AMA transcription

@1‘)

B, Vi
= P //
= T X
partussis toxin adenylate cyclase

tosan

COORDINATE REGULATION — VIR "OFF"

B SO% [2s0zG] _50F Periplasm

© H Cytoplasm
BvgS BwgS
©—Phosphate
@ (0]
Q Bwvaga, AMA transcription
% I (reduced)

7T T
partussis toxin adanyiate cyclase

o

Figure 1.3: Model of BvgA/S regulation of vag expression by phenotypic modulation. (A) Under

favourable conditions (in the absence of environmental cues) BvgA/S is active and virulence factors are

sequentially expressed. (B) During growth at 25°C or in the presence of elevated nicotinic acid or

MgSO, (shown), BvgS cannot auto-phosphorylate and the complex becomes inactive. Virulence -

associated gene (vag) expression stops and an alternative phenotype arising from virulence-repressed

gene (vrg) expression becomes uninhibited. Source: Melton & Weiss (1993), p 808.
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1.2.3.2 Phase Variation

Phase variation involves a frame shift mutation within the bvgS gene (Stibitz et al.
1989). Stibitz et al. (1989) compared Sall fragments from a vir' and vir~ strain and
found that the frame shift occurred from the insertion of a cytidine base within a run of
six cytidines at positions 829 to 834 of the gene sequence. This form of regulation has
also been shown to be reversible. Weiss & Falkow (1984) reported that spontaneous
avirulent (vir’) mutants were detected at a frequency of 107 to 10 within virulent (vir')
cultures of B. pertussis, and following isolation a similar ratio reverted back to the
virulent phenotype. The benefit of this regulated virulence in B. pertussis has not yet
been identified. It has been proposed that the down-regulation of virulence factors may
coincide with transmission, immune response subversion or intracellular persistence
(Kinnear, Marques & Carbonetti 2001). Currently, the specific number, nature and
function of the vrg’s are unknown. A future understanding of their products will no
doubt provide the answer. Regardless, vag expression has been shown to be an absolute
requirement for infection in both the B. pertussis mouse and B. bronchiseptica rabbit

models of infection (Cotter & Miller 1994; Merkel & Stibitz 1995).

1.3 History of Whooping Cough Prophylaxis

Whooping cough was responsible for widespread morbidity and mortality during the
pre-immunisation era (Keitel 1999). In response to the high incidence and severity of
the disease, whole-killed B. pertussis (Pw) was included as a component of a
multivalent vaccine known as DTP (diphtheria toxoid, tetanus toxoid and whole killed
B. pertussis). Although the incidence of pertussis quickly diminished following
introduction of the DTP vaccine, a gradual reduction in Pw vaccine compliance and
coverage due to the perceived risk of severe side effects resulted in the subsequent re-
emergence of whooping cough (Donnelly et al. 2001). Observed side effects, attributed
solely to the Pw component of the DTP vaccine included encephalopathy, febrile
seizures, hypotonic—hypo-responsive episodes, swelling around the site of injection and
sudden infant death syndrome (Poland 1996; Mills 2001). LPS has been implicated as a
possible cause of the Pw-mediated reactogenicity (Griffith 1978; Kurokawa 1984). In
response to public uncertainty surrounding the Pw vaccine, research was focussed on
the development of an alternative and safer prophylactic. Various acellular pertussis
vaccines (Pa) that consisted of a combination of the immunogenic antigens filamentous

hemagglutinin, pertussis toxoid, pertactin and fimbriae were tested (van den Berg et al.
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2000). Favourable results from human clinical trials led to the acceptance of the Pa
vaccine combined with the established tetanus and diphtheria toxoids to produce the

contemporary triple antigen vaccine, referred to as DTaP.

Since the introduction of DTaP numerous studies have evaluated and compared the
efficacy and safety of the acellular versus the whole cell vaccine (Boughton 1996;
Gustafsson et al. 1996; Keitel 1999; van den Berg et al. 2000). The consensus was that
Pa vaccines conferred a level of protective immunity that was comparable to Pw
vaccines but with a decrease in the incidence and severity of adverse side reactions.
This view of improved safety has been somewhat contradicted by a recent report in
which local side reactions are common in infants following multiple booster doses of
the Pa vaccine (Rennels et al. 2000). These effects such as extensive swelling around
the site of injection were believed to be caused by IgE-mediated hypersensitivity
directed against the pertussis toxoid. Gold et al. (2003) also assessed the rate of side-
reactions to DTaP in South Australia from 1997 to 2000. Importantly, they found that
the side-reactions were so serious in 22% of vaccinated children that the Australian
Adverse Drug Reaction Assessment Committee (ADRAC) had to be notified. Both
studies indicate that side effects continue to plague current methods of immunisation
against pertussis. Immunisation by mucosal routes such as oral or IN could alleviate the

local and systemic reactogenicity arising from Pa and Pw vaccination.

Disregarding the issue of reactogenicity, double-blind studies have demonstrated that
both the Pw and Pa vaccines induce a variable level of immunity, with figures ranging
from 29% to 85% efficacy (Trollfors et al. 1995; Gustafsson et al. 1996; Storsaeter et al.
1998). Furthermore, it has been reported that B. pertussis is capable of infecting
individuals previously vaccinated with either the Pw or Pa. Interestingly, Storsaeter et
al. (1998) reported that 33% of individuals that received the licensed five-component
acellular vaccine had evidence of post-immunisation infection following exposure to B.
pertussis. In the same study, 82% of individuals immunised with Pw developed
infection. DNA vaccines may provide a means of generating complete and long-lasting
immunity against B. pertussis, because of their potential to generate both antibody and
cell-mediated responses (Donnelly et al. 1997), with the latter being considered to be

essential for long-term protection against whooping cough (Mills et al. 1993).
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1.4 Immunity to B. pertussis

1.4.1 Principles of Immunology

The vertebrate immune system is divided into two broad categories: innate immunity
that provides a non-specific first line of defence against all foreign substances, and
acquired immunity that specifically targets and eliminates the foreign substances not
eliminated by innate defences (Delves & Roitt 2000). Although innate immune
mechanisms such as physical barriers, chemical barriers and cellular defences are an
important aspect of protection from infectious disease, this review will concentrate on
the generation of acquired immunity and the relevant innate immune defences that
contribute to the acquired response. There are two reasons for this focus. Innate
mechanisms of the upper and lower airways alone do not provide sufficient protection
against B. pertussis. Secondly, the scope of this study is to evaluate alternative
strategies for pertussis immunisation and therefore the enhanced priming of an acquired

immune response.

1.4.1.1 Acquired Immunity

For the induction of an acquired immune response there are three portals of entry for a
pathogen or antigen into the body, namely the bloodstream, lodgement in epidermal,
dermal or subcutaneous tissues and via the mucosal surfaces such as the digestive,
respiratory and genitourinary tracts (Basset et al. 2003). Upon direct entry of a
pathogen or antigen into the circulation, it is carried to the spleen where it interacts with
professional antigen-presenting cells (APC), T cells and B cells for the generation of a
specific response (Delves & Roitt 2000). In relation to peripheral tissues, the antigen
(free or trapped by professional APC) is transported via afferent lymph vessels to
regional draining lymph nodes where as with the spleen, a specific response is induced.
Following antigen presentation and immune induction in the spleen or lymph nodes
(LN) a systemic response is generated in which effectors such as antibody or activated
lymphocytes are released into circulation and migrate to the site of infection or
inflammation (Basset et al. 2003). In comparison, a feature of antigen contact at the
mucosal surfaces is the induction of both a local and systemic response (Staats et al.
1994). As the majority of pathogens including B. pertussis are encountered at the
mucosal surfaces, the induction of local immune responses at these sites are important

and has been discussed in further detail in section 1.5.1.3.
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1.4.1.2 T Cell Control of an Acquired Immune Response

CD4+ T helper cells play a pivotal role in the generation of an acquired immune
response. Upon leaving the thymus, CD4+ T cells have a naive phenotype (ThO) and
only differentiate into effector cells that are capable of stimulating either a humoral or
CMI response depending on the appropriate activation signals. These activation signals
or cytokine profiles are thought to be provided by local innate immune -cells.
Depending on the nature of cytokines present, CD4+ ThO cells differentiate into two

distinct subgroups referred to as Th1 or Th2.

In the presence of interleukin 12 (IL-12) released by macrophages, naive CD4+ cells
differentiate into Thl effector cells (McKnight et al. 1994). When stimulated by
antigen, the activated Thl cells release cytokines such as interferon-y (IFN-y),
interleukin-2 (IL-2) and tumour necrosis factor-f (TNF-B) that stimulate the
proliferation and activation of CD8+ cytotoxic T cells and macrophages (Gurunathan,
Klinman & Seder 2000). These activated cells seek and destroy host cells harbouring
intracellular pathogens (viral, bacterial or parasitic). Thl CD4+ cells also incite
delayed-type hypersensitivity reactions. IFN-y released from Thl cells promotes the
production of IgG2a antibodies, a sub-class of IgG which aids in the response to
intracellular pathogens by complement activation, opsonisation and antibody-dependant
cell mediated cytotoxicity of infected host cells (Markine-Goriaynoff & Coutelier
2002).

Conversely in the presence of IL-4 released by basophils or mast cells, naive CD4+
cells differentiate into Th2 effector cells (McKnight et al. 1994). Upon antigenic
stimulation, activated Th2 CD4+ cells release cytokines such as IL-4, IL-6 and IL-10
that stimulate the proliferation of antigen-specific B cells. Th2 cells also produce IL-5,
which moderates class switching of IgM committed plasma cells to either IgG1 or IgA,
during circulation or at a local site of infection (Gurunathan, Klinman & Seder 2000).
Furthermore, eosinophils are also primed to act against extracellular parasites by
cytokines released from Th2 lymphocytes. Hence as a generalisation, a Th2 and B cell
immune response is induced to eliminate extracellular pathogens, whilst Thl and
cytotoxic T cells mediate a cell-mediated response against intracellular pathogens that
avoid clearance from circulating antibody and polymorphonuclear leukocytes

(PMNL's).
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1.4.1.3 Humoral or Cell-mediated Effectors

The means by which an antigen is presented to T lymphocytes influences the type of
effector response elicited. Exogenous antigen phagocytosed by professional APC such
as macrophages and dendritic cells is processed and presented by a major
histocompatibility complex (MHC) class II molecule for interaction with the T cell
receptor complex (TcR) of CD4+ T cells. This interaction results in the induction of a
humoral immune response that is mediated by memory B cells and antibody producing

plasma cells (Delves & Roitt 2000).

Hence, antibodies are the effectors of the humoral immune response. Based on
structural and functional characteristics antibodies are divided into five isotypes: G, M,
A, D and E. Immunoglobulin G (IgG) is the predominant antibody in the body
constituting about 80% of total Ig, and is equally distributed throughout intravascular
and extravascular compartments (Ramanarayanan 1985). The four human subclasses of
monomeric IgG (IgG1, 1gG2, IgG3 and IgG4) each have distinct strengths and
weaknesses over a range of functions that include: agglutination and precipitation of
particulate and soluble antigens to facilitate capture by professional phagocytes;
opsonisation which is mediated through binding to the Fc receptor of PMNL and APC;
antibody-dependant cytotoxicity following interaction with natural killer (NK) cells;
activation of the classical complement pathway; neutralisation of toxins and viruses;
and placental passage for passive immunisation of the foetus (Ramanarayanan 1985).
As discussed in section 1.5.1.4.3, the two IgA subclasses (IgA1 and IgA2) are the main
effectors of mucosal secretions and primarily act by preventing attachment of pathogens
to mucosal surfaces (Tomasi 1983). IgM is the first isotype synthesised in the primary
response to T-dependent antigens and is also the main antibody generated after exposure
to T-independent antigens (Sharon et al. 1975). Although not as multi-purposeful as
IgG, IgM is highly efficient at agglutination and complement activation due to its
pentametric form (Ramanarayanan 1985). The least abundant of all antibodies, IgE has
an important role in hypersensitivity reactions due to high affinity Fc receptors on the
surface of basophils and mast cells and has also been claimed to be important in
protection against some parasitic infections (Gurish et al. 2004). Upon recognition of
antigen by Fc bound IgE, the mast cell or basophil releases their granular contents such
as histamine and heparin (Ramanarayanan 1985). Lastly, the role of IgD in the immune

response is not well understood. As with other subclasses, it is expressed on the surface
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of immature B cells as the B cell receptor, but unlike the remaining isotypes it does not
appear to be secreted from terminally differentiated plasma cells. Rather it is released
from the B cell surface which explains its relatively low concentration in serum

(Ramanarayanan 1985).

On the other hand, endogenous antigen expressed within infected professional APC or
somatic host cells are processed and presented in association with MHC class I
molecules (Claman 1989). Expressions of an MHC class I/antigen complex on the host
cell surface is recognised by the TcR complex of CD8+ cytotoxic T cells (Tc).
Although the precise mode of activation remains unclear, upon interaction between the
MHC class I/antigen complex and the CDS8/TcR, activated Tc cells proliferate and
differentiate to maturity in the presence of cytokines such as IL-2 released by CD4+
Thl cells (Basset et al. 2003). The mature Tc cell may then kill the infected host cell
using one or more antigen-dependent pathways. Firstly, perforins are released from
granules and form transmembrane channels that increase membrane permeability in a
similar manner to the membrane attack complex of complement (Wong & Pamer 2003).
Tc cells also secrete IFN-y and tumour necrosis factors that have antimicrobial
properties such as the stimulation of nitric oxide and superoxide production, as well as
chemokines that attract inflammatory cells (van Ginkel, Nguyen & McGhee 2000).
Thirdly, it has been suggested that Tc can induce apoptosis of the target cell by
releasing molecules that deregulate apoptotic caspases leading to programmed cell death

(Zychlinsky & Sansonetti 1997).

In addition to the segregation of humoral and cellular immune responses, an additional
feature of the mammalian immune system is compartmentalization into systemic and
mucosal immunity (Clare, Huett & Dougan 2002). However, it is important to note that
this compartmentalization is partial and there is interaction between the two systems

(McCaughan, Adams & Basten 1984).
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1.4.1.4 Mucosal Immunity

The mucosal surfaces of the digestive, respiratory and urogenital tracts are the main
portals of entry for pathogenic microbes. Considering these sites, particularly the
respiratory and digestive tracts have a large epithelial surface area which is frequently
exposed to foreign agents and particles, a local response is necessary in the prevention
and control of mucosal-acquired infections. Consistent with the collective view of the
immune system, surveillance and protection of the mucosal tracts involves both innate
and acquired mechanisms. Although physical and chemical barriers are effective in
preventing colonization, certain highly adapted pathogens such as Strepfococcus
pneumoniae, Hemophilus influenzae, and importantly Bordetella pertussis have
developed virulence factors that facilitate attachment, damage or invasion of respiratory
epithelium (Daniele 1990). In cases of exposure to such pathogens the innate
mechanisms are assisted mainly by the induction of secretory antibody. At the core of
the acquired mucosal response is the distribution of numerous lymphoid masses along
the mucous membranes referred to as mucosal-associated lymphoid tissue (Tomasi

1983).

1.4.1.4.1 Mucosal-associated Lymphoid Tissue (MALT)

At strategic positions along the mucosal surfaces are secondary lymphoid organs that
are responsible for antigen processing and the induction of an antigen specific response
(Daniele 1990). The collective MALTs are separated into the nasal-associated
structures of the nasopharynx, tonsils and salivary glands (NALT), the bronchial-
associated lymphoid tissue of the proximal airways (BALT) and gut-associated
lymphoid tissue (GALT). Located in the sub-mucosa, the lymphoid structures or
aggregates are highly organised into four distinct zones: a unique epithelial monolayer,
a sub-epithelial dome, follicles and parafollicular areas. At the luminal surface of the
lymphoid structures are specialized epithelia known as follicle-associated epithelium
(FAE). Unlike conventional epithelia that are columnar, FAE are cuboidal and contain
little or no mucous secreting goblet cells (MacDonald 2003). Embedded throughout the
FAE are specialised microfold (M) cells, which are flattened cells that possess
microvilli instead of the cilia present on normal mucosal epithelia. M cells have the
unique ability to sample both soluble and particulate antigens directly from the lumen
and then transport the antigens to the sub-epithelial dome by pinocytosis (Hobson et al.

2003). The dome contains a mixed population of plasma cells, naive T and B cells and
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APCs. The presence of dendritic cells in close proximity to naive lymphocytes
indicates that antigen presentation and priming are the primary functions of this area
(Daniele 1990). The surrounding follicles are enriched with B cells committed to IgA
production, however unlike the germinal centres of the spleen and lymph nodes there is
no terminal differentiation into plasma cells. Finally, the parafollicular areas are
analogous to the follicles, but are T cell-dependant zones. Within this zone, only 35-
38% are mature T cells and of which CD4+ helper and CD8+ cytotoxic T cells
constitute 60 and 20%, respectively. Although dominated by with lymphocytes, a small
percentage of functionally active macrophages (5-9%) have been observed (Spalding et

al. 1983).

1.4.1.4.2 Induction of an Acquired Mucosal Response

Apart from being highly organized, MALT is also well vascularised. Naive T and B
cells from the thymus or bone marrow enter lymphoid structures via high endothelial
venules (HEV). Upon release of antigens at the basolateral surface of the dome,
professional antigen presenting cells such as DC engulf and process the antigen for
presentation to B and T cells which are primed to become either memory or effector cell
types and elicit an inductive or suppressive response (Brandtzaeg 2003). These primed
cells then leave the inductive site and migrate to regional LN via lymphatic vessels
(Daniele 1990). Within the LN, specific antigenic re-stimulation provided by
circulating DC or free antigen transported from afferent lymphatic channels stimulates
committed lymphocytes to differentiate and proliferate within the germinal centres
(Brandtzaeg 2003). Under the influence of specific homing mechanisms and signals
(discussed in further detail in section 1.4.1.4.5) activated lymphocytes re-locate via
lymph or peripheral blood to various mucosal effector sites. In terms of antibody
production, B cells settle in the lamina propria and complete terminal differentiation
into plasma cells upon stimulation with IL-5 and IL-6 released by surrounding Th2 cells
(Husband 2002). Returning helper, cytotoxic or suppressor T cells are distributed
throughout the lamina propria or within the epithelial monolayer (Brandtzaeg 2003).

Dendritic cells also possess an intra-epithelial niche, from which they capture pathogens
and antigens from lumen and either present directly to local B cells for stimulation of a
T cell-independent IgA response or migrate to draining lymph nodes for induction of a

T cell-dependant response (Fagarasan & Honjo 2003).
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1.4.1.4.3 Secretory Antibodies

The majority of activated (Ig-producing) plasma cells are distributed along the sub-
mucosal tissue or exocrine glands, which service epithelial surfaces (Brandtzaeg 2003).
Of these cells 70-90% are committed to the production of IgA (Brandtzaeg et al. 1999).
Hence, the induction of a secretory IgA (S-IgA) response has long been considered to
be the most important means of defence against mucosal pathogens. IgA has numerous
functions; however its main role involves immune exclusion (non-inflammatory) rather
than elimination (pro-inflammatory). Firstly, it inhibits the attachment of bacteria to the
mucosal cell surface by promoting agglutination and also the neutralisation of adhesins
and other virulence factors. Secondly, the coating of viruses by IgA prevents both
invasion of epithelial cells and certain mucosal carrier states by neutralisation of
intraepithelial viruses. Thirdly, IgA is mucophilic (conferred by the secretory
component) and enhances the entrapment of pathogens and antigens in mucous, thereby
facilitating clearance by the innate mechanisms (Brandtzaeg 2003). It has also been
suggested that in the presence of co-factors such as lysozyme and complement, IgA may
promote phagocytosis of coated micro-organisms and foreign particles (Daniele 1990).
Whilst there is evidence that IgA cannot effectively fix complement via the classical
pathway and mature alveolar macrophages lack an Fc receptor for IgA (Reynolds 1986;
Mota et al. 1988), it has been demonstrated that polymorphonuclear leukocytes,
monocytes and early macrophages possess the relevant receptor (FcaR1) and upon
recruitment to a site of inflammation these cells can effectively phagocytose IgA-coated
complexes (Morton, van Egmond & van de Winkel 1996). Thus it appears that in the
absence of an inflammatory infiltrate opsonisation by IgA is limited to triggering of the

alternative pathway, and would be far less efficient than an IgG-mediated process.

The synthesis of secretory IgA is a multi-step process. Within the lamina propria, two
IgA monomers covalently linked by a J-chain glycoprotein are secreted by committed
plasma cells. The IgA dimers bind to an 80 kDa secretory component expressed as a
receptor on the basolateral membrane of adjacent epithelial cells (Brandtzaeg 1983).
The IgA-secretory component complex is then transported across the epithelial
cytoplasm within a cytoplasmic vesicle and then released at the lumen surface by
exocytosis. Following secretion, resistance to proteolytic degradation is an important
feature of IgA. Whilst the secretory component protects both the IgAl and IgA2

subclasses from endogenous proteases common in the mucosal tracts, certain bacterial
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pathogens such as Streptococcus pneumoniae and Hemophilus influenzae produce
proteases to which only IgA2 is resistant. A difference in the amino acid composition
within the J-chain is the basis for the susceptibility of IgA 1. Importantly, resistant [gA2
constitutes only Y5 of total IgA in secretions, and IgA1 is the most common subclass in
the URT (Daniele 1990). Whether B. pertussis produces an IgA-protease has not yet

been reported.

Although often overlooked in favour of an S-IgA response, the presence of IgG within
secretions may play an important role in mucosal defence, particularly in the lower
respiratory tract. In fact, in the bronchoalveolar lavage (BAL) fluid of healthy humans
IgG is the predominant class and constitutes approximately 18 — 20% of total protein,
whereas IgA makes up only 9-11% (Daniele 1990). A more comprehensive study of
antibody distribution within the respiratory system revealed that the relative proportions
of IgG and IgA are different at various depths along the respiratory tract (Kaltreider &
Chan 1976). This study found that there is a gradual decline in the concentration of IgA
and an inversely proportionate rise in the concentration of IgG with increasing depth of
the tract, such that salivary secretions contained mostly IgA and bronchial washes
largely IgG. Unlike the URT in which exclusion by S-IgA and innate mechanisms are
the main defences, protection of the lower airways is dependant on a large distribution
of alveolar macrophages and therefore elimination. As all macrophages possess Fc
receptors for IgG, it is not surprising that it is the most common antibody in the lower
RT considering that opsonisation is one of the main attributes of IgG. Lacking a
secretory factor, the mode of entry for IgG into the mucosal secretions is unclear. It has
been proposed that plasma cells within the lamina propria secrete IgG into the
interstitial space, from which it crosses the mucosa either by passive diffusion or at
points of epithelial damage (Bienenstock & Befus 1980). Alternatively, it has been
suggested that IgG can enter the mucosal secretions via transudation from systemic

circulation (Scicchitano, Sheldrake & Husband 1986; Spiekermann et al. 2002).
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1.4.1.4.4 Local T-cell Responses

To date, the main focus of a specific mucosal immune response has surrounded the
induction of the humoral component, and specifically secretory IgA. Nevertheless,
within the secondary lymphoid structures are parafollicular or dedicated T cell-
dependant areas and it is also apparent that like B cells, T lymphocytes undergo a
process of local stimulation, migration to lymph nodes or the spleen for proliferation

and then homing back to various mucosal sites (Bienenstock et al. 1983).

1.4.1.4.5 Common Mucosal Immune System — Lymphocyte Migration

Rudzik et al. (1975) demonstrated that when B cells isolated from either the Peyer’s
patches or BALT of a donor rabbit were transferred to lethally irradiated recipients, re-
population occurred at both the bronchial and intestinal lamina propria. These findings
inspired the concept of a common mucosal immune system, in which immune cells
primed at a mucosal site not only home back to the site of induction but also to distant

mucosal effector sites (McDermott & Bienenstock 1979).

There have been numerous recent reports that confirm the existence of the common
mucosal system. In mice, nasal administration of a human papilloma virus VLP (virus-
like protein) generated neutralizing antibodies in the genital secretions (Balmelli et al.
1998). Similarly, specific IgA was detected in both nasal and vaginal secretions
following the intranasal immunisation of monkeys with a bacterial antigen coupled to
the B subunit of cholera toxin (Russell et al. 1996). Preliminary evidence has shown
that the homing of lymphocytes to mucosal effector of the gut involves interaction
between the a4p7 integrin and the mucosal addressin-1 (MAdCAM-1) molecule.
Alternatively, homing to the NALT was mainly the result of interaction between the L-
selectin of lymphocytes and peripheral node addressin (PNAd) (Berlin et al. 1993).
There have also been suggestions of a chemokine-receptor network that is unique to
each mucosal effector site (Zuercher 2003). Aside from the specific mechanisms of
homing, random factors such as route of mucosal delivery, mode of vaccination and the
antigen itself may also have an effect on the distribution and intensity of a mucosal

immune response.
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The only potential limitation with the application of a cross-immunisation approach is
the evidence that committed lymphocytes preferentially home to the area of initial
antigen contact and that only a smaller proportion migrate to distant effector sites
(Zuercher 2003). The current view of specific integrin-addressin interactions at
different mucosal sites supports this notion, as does the recent observation that the
specific homing properties are conferred to proliferating T cells in the regional LN
(Campbell & Butcher 2002). Therefore, lymphocytes primed in the PP with a primarily
04p7+ phenotype would lead to proliferation of lymphocytes in the mesenteric LNs
with the same integrins and would therefore have a tendency to home to the endothelial
venules of the gut that express the gut-specific MAdCAM-1. For example, Quiding-
Jarbrink (1997) found that oral immunization with a protein antigen and adjuvant
elicited a strong local response in the small intestine, a much weaker response in the
mammary and salivary glands, but no antibody at other distant sites such as the large

intestine, lower respiratory or genital tracts.

In spite of these observations, oral immunization using attenuated gut pathogens or
biodegradable microparticles has been shown to be an effective means of generating a
specific response in the lower respiratory tract (Forrest et al. 1991; Challacombe,
Rahman & O'Hagan 1997; Allen, Dougan & Strugnell 2000). For instance, a specific
secretory IgA and IgG response has been detected in respiratory secretions following
oral immunisation of attenuated S. #yphimurium expressed the FHA antigen of B.
pertussis (Guzman et al. 1991b). On the basis of these results and other instances that
support the common mucosal pathway, the oral delivery of DNA vaccines using the
proven SL3261 carrier will be evaluated for the generation of a strong systemic and
mucosal antibody response. Other examples of successful mucosal cross-immunisation

with Sa/monella and other intestinal pathogens have been mentioned in section 1.5.2.3.

1.4.2 Response to Whole-cell Versus Acellular Immunisation

Both whole-cell and acellular pertussis vaccines confer protection against virulent B.
pertussis following immunisation (Ad Hoc Group 1988; Gustafsson et al. 1996).
Nevertheless, it has long been regarded Pw and Pa vaccines elicit different immune
response profiles in humans and animals (Ryan et al. 1997; Mills et al 1998). Samples
tested from Phase 3 clinical trials were used to demonstrate that natural infection and

vaccination with the Pw vaccine elicits a predominantly Thl-type cell-mediated
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response, whereas Pa vaccines typically induce a strong humoral response but a
comparably weak CMI response (Mills et al. 1998). However, several studies have
contradicted this generalisation with reports of induction of potent CMI in children
given acellular vaccines, as determined by proliferation of peripheral blood
mononuclear cells in response to pertussis antigens (Cassone et al. 1997; Ausiello et al.
1998). In the Cassone et al (1997) study it was also shown that these two acellular

vaccines were 1n fact better inducers of CMI than a whole-cell vaccine.

1.4.3 Importance of a Humoral Response against B. pertussis

Although a large emphasis has been placed on the induction of a potent antibody
response by traditional pertussis vaccines there have been contradictory views
surrounding the true value of a humoral response against B. pertussis. In some clinical
trials of DTaP a direct correlation between a serological antibody response and
protective immunity could not be identified (Ad Hoc Group 1988; Cherry et al. 1998),
whereas in other studies the importance of a humoral immune response has been clearly

demonstrated (Sato & Sato 1984; Shahin et al. 1990; Bruss & Siber 1999).

Transient protection has been demonstrated against B. pertussis following passive
immunisation with both monoclonal and polyclonal antibody. Early studies revealed
that protection, albeit variable, could be conferred against an aerosol or intracerebral
challenge of mice by administration of monoclonal antibodies directed against the either
the S1 subunit of pertussis toxin (Sato & Sato 1984) or pertactin (Shahin et al. 1990).
Interestingly, anti-FHA antibodies were found to be significantly less potent for passive
immunisation in comparison to anti-pertussis toxin or anti-pertactin formulations (Sato
& Sato 1984). Bruss & Siber (1999) later demonstrated that the intravenous
administration of a polyclonal anti-pertussis toxin IgG preparation could passively

protect mice against an aerosol challenge.

The efficacy of therapeutic antibody preparations has also been investigated. Granstrom
et al. (1991) tested an alternative antibody therapy on infants hospitalized with culture-
confirmed whooping cough and reported a significant reduction of whoops in groups
that received a hyperimmune serum preparation (raised against a two component
acellular vaccine) compared to a placebo. Importantly, this study highlighted a

limitation of immunoglobulin treatments, in that manifestations in infants or protective
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efficacy in mice were only improved if the antibodies were administered within 7 days
of exposure (Sato & Sato 1984; Granstrom et al. 1991). Mukkur et al. (2005) reported
that clearance of virulent B. pertussis was significantly greater in previously infected
mice when the hyperimmune serum used was raised against Pw than Pa, pertussis

toxoid or FHA.

Aside from passive immunization studies, research involving transgenic mice models
has also indicated an essential role for antibodies. It was demonstrated that unlike wild-
type mice, B cell and antibody deficient (Ig'/') mice developed a chronic infection and
failed to clear bacteria from the lungs after experimental infection (Mahon et al. 1996;
Mills et al. 1998). Furthermore, immunisation of Ig”” mice with either whole-cell or
acellular pertussis vaccines failed to confer protection against an experimental challenge
but protection was restored following the transfer of primed B cells. These observations
were supported by Leef et al. (2000) who reported that intranasal immunisation of Ig'/ .
mice with formalin-fixed B. pertussis (FFBP) only provided partial protection against
an aerosol challenge compared to complete protection in FFBP-immunised wild-type

mice. Once again full protection was re-affirmed following transfer of immune B cells.

The effectiveness of the acellular vaccine provides a strong indication of the importance
of humoral immunity. It is well documented that parenteral immunisation with DTaP
induces a Th2-biased response characterised by high titers of antibody with little or no
induction of a cell-mediated response (Redhead et al. 1993; Barnard et al. 1996).
Furthermore, the Th2 response following DTaP immunisation was demonstrated to be
clinically efficacious (Greco et al. 1996; Gustafsson et al. 1996; Olin et al. 1997).
Nevertheless a theoretical shortcoming of priming with a polar Th2 immunisation
regime would be the inability to clear intracellular pathogens. In the absence of a
memory Thl response, an infection would have the potential to become persistent
despite the absence of acute symptoms in humans or an apparent clearance of bacteria
from the respiratory tract of animals. This has been supported by an observation that
the co-administration of IL-12 with an acellular vaccine, which induced a shift in bias
from a Th2 to Thl response, enhanced the rate of clearance following a bacterial

challenge (Mahon et al. 1996).
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1.4.4 Importance of Cell-Mediated Response against B. pertussis

The lack of correlation between protection and antibody levels observed following
clinical trials of a two-component acellular pertussis vaccine suggested a lack of insight
into the true nature of immunity to B. pertussis (Ad hoc group 1988). A subsequent
study of convalescent humans identified CD4+ Th cells that proliferated in response to
either whole-inactivated B. pertussis or individual antigens (De Magistris et al. 1988).
Numerous reports have since used naive and transgenic mouse models to establish the
importance of CMI against B. pertussis (Mills et al. 1993; Redhead et al. 1993; Barbic
et al. 1997). Redhead et al. (1993) observed variable T cell proliferative responses in
mice following convalescent infection or immunisation with whole-cell or acellular
vaccines. High levels of IFN-y and IL-2 but no IL-4 or IL-5 were produced from the
splenocytes of convalescent mice. The low or undetectable antibody response that
accompanied these cytokines indicated a purely CD4+ Thl response. Conversely, after
two doses of an acellular vaccine a CD4+ Th2 response characterised by elevated IL-5
secretion from splenocytes and high titers of anti-B. pertussis IgG was observed.
Immunisation of mice with the WCV induced a dichotomous response with evidence of
both IFN-y/IL-2 secretion and serum antibody and importantly the clearance of bacteria

following an aerosol challenge was found to be enhanced by the Thl type response.

Mills et al. (1993) demonstrated that non-immune wild-type mice developed a
prolonged infection that cleared after roughly 35 days, whilst athymic or T-cell deficient
mice failed to clear bacteria from the lungs, following aerosol challenge. Transfer of
primed T cells to either athymic or irradiated naive mice restored the capacity for
clearance; however transfer of serum from convalescent mice could not restore the
ability to completely eradicate pathogens from the respiratory tract. Thus, although
there was evidence that CD4+ Th2 and B lymphocytes contributed to bacterial
clearance, CD4+ Thl lymphocytes were identified as the predominant cell type
involved in a protective response to respiratory infection. Barbic et al. (1997) later
observed that nude mice (T cell-depleted) or SCID mice (lymphocyte-depleted) mice
failed to survive an aerosol challenge dose that was controlled after 8 weeks by naive
mice. Also, unlike antibody responses which have been shown to rapidly decline after
the cessation of boosting, CMI responses can be maintained for several years in

immunised children (Ausiello et al. 1998).
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Upon confirmation that a CD4+ Thl response was an important protective force against
natural infection, the role of interferon-y, a central Th1 cytokine, was evaluated. Barbic
et al. (1997) showed that neutralisation of [FN-y by regular administration of anti-IFN-y
monoclonal antibodies hindered clearance, whereas IL-4 inhibition had no deleterious
effect with respect to clearance. Likewise, IFN-y gene knockout mice (GKO strain)
also exhibited a similarly impeded response to the control of an aerosol challenge
compared to the wild type. In addition, Mahon et al. (1997) observed an
uncharacteristic disseminated infection in IFN-yR'/ " mice that was accompanied with a
high mortality rate, in contrast to wild-type mice that contained the infection to the

respiratory tract with no deaths.

1.4.5 Mucosal Immunity against B. pertussis

The high degree of protection afforded by strong systemic responses from parenteral
delivered whole-cell or acellular vaccines seems to have resulted in limited research into
the role or importance of specific mucosal effectors. This is somewhat surprising
considering that B. pertussis is a strictly mucosal pathogen (no systemic dissemination)

and many of its virulence factors act locally (Mahon et al. 1997).

An influx of CD4+ T cells, macrophages, neutrophils and to lesser extent CD8+ T cells
has been demonstrated following B. pertussis infection of naive mice (Khelef et al.
1994; McGuirk et al. 1998). This infiltration of neutrophils is important with respect to
the action of B. pertussis—specific IgA. Hellwig et al. (2001b) demonstrated that the
phagocytosis of B. pertussis by human polymorphonuclear leukocytes (PMNL) was
enhanced through coating with IgA. This study also used FcaR1-transgenic mice to
confirm that the opsonisation was mediated by the FcaR1 receptor of the PMNL.
Cross-linking of this receptor has previously been shown to induce phagocytosis,
degranulation and the release of pro-inflammatory cytokines by PMNL (Van Spriel &
van de Winkel 2001).

Consistent with the lack of knowledge regarding the induction of a specific CMI
response at mucosal effector sites (section 1.5.1.4.3); there has been limited research
into the local cellular response to B. pertussis. Nevertheless, numerous studies have
proven that a systemic Thl response is capable of clearing an experimental challenge of

B. pertussis in mice (Mills et al. 1993; Redhead et al. 1993). This indicates a direct
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correlation between the detection of a systemic CMI response against B. pertussis and

as yet uncharacterised potential of specific cellular effectors at the mucosal surfaces.

1.4.6 Mechanisms of Immune System Subversion

It is clearly advantageous and necessary for pathogens to have developed measures or
mechanisms that either suppress or permit evasion of the immune system in order to
prolong infection and transmission. Consistent with this theme, B. pertussis has
evolved a vast array of potent virulence factors that provide a degree of immune

subversion.

1.4.6.1 Invasion and Survival within Host Cells

The first evidence that B. pertussis was capable of intracellular survival within
mammalian host cells was provided by Crawford & Fishel (1959), who reported that
organisms were successfully recovered from mammalian tissue culture following
antibiotic treatment. Cheers & Gray (1969) also described this invasive phenomenon in
vivo after it was apparent that B. pertussis survived within alveolar macrophages during
an active immune response. In a later investigation of the intracerebral challenge
model, Hopewell et al. (1972) witnessed seemingly viable bacteria within the cytoplasm
of ependymal cells following transmission electron microscopy. Despite these
preliminary observations, whooping cough was widely regarded as a toxin-mediated
disease and B. pertussis as having a purely extracellular existence. It was not until 1989
and onwards that the invasiveness of B. pertussis was re-examined in further detail.
Ewanowich et al. (1989b) found that B. parapertussis invaded and survived in both
epithelial-like HeLa 229 cells and primary cultures of human respiratory epithelium.
Similarly, B. pertussis was also shown to invade and survive within HeLa cells
(Ewanowich et al. 1989a). Later, it was observed that B. pertussis and B.
bronchiseptica were capable of survival within professional APCs (Friedman et al.

1992; Guzman et al. 1994).

Friedman et al. (1992) also showed that both spontaneous and Tnj-induced avirulent
strains were significantly less invasive and did not survive within these cells. This
observation underscores the view that a Bvg phase or the down-regulation of virulence
factor expression was required for intracellular persistence (Gueirard et al. 1998;

Kinnear, Marques & Carbonetti 2001). The invasiveness of numerous B. pertussis
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deletion mutants has since revealed the probable involvement of FHA, PT, Pertactin and
AC-Hly. Strains devoid of FHA, PT and two other unidentified virulence-associated
factors had significantly reduced invasion compared to a wild-type (Ewanowich et al.
1989a). These mutants with disruption of individual vag’s were clearly less inhibited
than a bvg strain and suggested that multiple virulence factors act co-operatively to
mediate the invasion process. Interestingly, the invasion of AC-Hly  mutants was
significantly enhanced compared to the parental strain. Considering that the action of
AC-Hly impedes the phagocytosis of B. pertussis by neutrophils (Weingart & Weiss
2000), the toxin may have a similar inhibitory effect on endocytosis by epithelia and
APC. The binding of FHA and pertactin to host cells via interaction between the RGD
sequence and integrins such as CR3 on macrophages (Ishibashi, Claus & Relman 1994)
and a5B1 on respiratory epithelia (Ishibashi, Relman & Nishikawa 2001) may provide
the a trigger for endocytosis. Similarly, van’t Wout et al. (1992) found carbohydrate
recognition domains within the S2 and S3 subunits of PT that have an affinity for the

CR3 integrin of human macrophages.

There are important implications from the discovery of an intracellular niche. An
intracellular phase may explain the persistent infection commonly associated with
pertussis and the inability to detect a carrier state using conventional bacteriologic
surveys (Krantz et al. 1986). Apart from the initial report of Crawford & Fishel (1959)
there has been no further evidence of intracellular replication. This suggests that B.
pertussis is not adapted for an intracellular existence but it is more like a transient phase

to avoid immune detection and serum factors.

Host cell invasion could be viewed as a “double-edged sword” with evidence that the
generation of opsonising antibodies against the adhesins necessary for internalisation,
such as FHA, pertactin and FIM also contribute to enhanced phagocytosis and killing by
neutrophils (Weingart & Weiss 2000). Although the bacteria are capable of survival
within macrophages and epithelial cells, neutrophils remain effective killers of
phagocytosed B. pertussis, with only about 1% survival (Lenz, Weingart & Weiss
2000). Therefore, there appears to be a balancing act between the induction of
endocytosis in epithelia and APC by B. pertussis adhesins and the inhibition of
neutrophil phagocytosis by AC-Hly.
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1.4.6.2 Serum Resistance

Several studies have provided evidence that B. pertussis may mediate resistance to the
classical pathway of killing through the products of the Bvg-regulated brk locus (see
Section 1.2.2.3). Although the precise mechanisms surrounding the resistance to
antibody-dependent complement remain unknown, BrkA has been shown to be a

contributing factor.

Fernandez & Weiss (1998) assessed the resistance of numerous B. pertussis mutants and
clinical isolates following a 1-hour exposure to 20% human immune serum. Under in
vitro conditions independent BvgS and BrkA-depleted mutants displayed a significantly
increased sensitivity compared with a wild-type strain, whilst a mutant with a duplicate
copy of brk had a 2 to 5-fold increase in resistance compared with the wild-type strain.
In contrast, mutant strains deficient of other Bvg-regulated virulence factors, namely
PTX, FHA and DNT had no significant alteration in serum sensitivity (Fernandez &
Weiss 1998). In the same study, clinical isolates of B. pertussis (27 isolated from 1989
to 1993) and a B. holmesii strain were found to be equally resistant as the wild type.
However, there was significant variation observed for an alternative wild-type strain and
its derivatives. It was concluded that although the precise mechanisms of serum
resistance are not understood, BrkA mediates resistance to the classical or antibody-
dependent pathway of killing and that this process was Bvg-dependent (Fernandez &
Weiss 1998).

Recently Pishko et al. (2003) demonstrated that Bordetella spp also acquired resistance
to the alternative pathway of complement activation by a process that was independent
of Bvg and BrkA. A derivative of the wild type Tohama I recovered from infected mice
was observed to be almost completely resistant to a saturated environment (90%) of
naive rabbit, rat or mouse serum that lacked specific antibodies. In stark contrast, broth
cultured bacteria were completely susceptible to the naive serum. In a second
experiment, broth-cultured B. pertussis was killed but in vivo-recovered B. pertussis
were viable following treatment with serum supplemented with EGTA-MgCl, a
chelating agent that inhibits the classical but not the alternative pathway. The O antigen
of LPS has been implicated as the contributor for B. parapertussis and B.

bronchiseptica resistance in the absence of antibody (Burns et al. 2003). However as B.
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pertussis LPS lacks the O antigen, resistance must be provided by an alternative but as

yet unknown means.

1.4.6.3 Manipulation of Immune Cells

Of relevance to this project has been the recent evidence that the adhesins FHA and
pertactin stimulate the proliferation of a different CD4+ subtype, known as Trl or Th3
cells during infection (McGuirk, McCann & Mills 2002). Upon stimulation, the
regulatory Trl cells secrete interleukin-10 (IL-10) and tumour growth factor-B (TGF-f)
that suppress both Thl and Th2 responses respectively (Groux et al. 1997). The study
by McGuirk and colleagues also revealed that FHA inhibited IL-12 and promoted IL-10
production in dendritic cells. In addition to the suppression of Th2 cell proliferation
that this cytokine profile directed the expansion of the Trl subtype from naive T cell
precursors. The reported inhibition of Thl by FHA and possibly pertactin are a concern
for the development of DNA vaccines that encompass these antigens, based on the drive
of this method towards the priming of a cell-mediated response. In this project the
entire recombinant pertactin antigen will be expressed but only truncated forms of FHA
with the dominant epitopes will be used (see section 4.1). Considering the epitopes that
stimulate the Tr1 subset have not yet been identified (McGuirk, McCann & Mills 2002),
it is possible that they reside within the N-terminal portion of FHA omitted from the
DNA vaccines used in this study (section 4.1).

1.4.6.4 Antigenic Variation

The re-emergence of whooping cough in developed countries with highly vaccinated
populations led to several investigations of antigenic variation in two key virulence
factors of B. pertussis. Pertactin and PT were the focus of sequencing comparisons
between vaccine strains, currently circulating strains and clinical isolates collected since
the commencement of immunisation, on the basis that serum antibodies to these two
antigens have been correlated with protection in infants (Cherry et al. 1998; Storsaeter
et al. 1998). Within Dutch strains Mooi et al. (1998) identified variations at three amino
acid positions that spanned two regions of the S1 subunit of PT, and importantly these
amino acid substitutions occurred within previously identified T and B cell epitopes. It
was also discovered that pertactin had one polymorphic region. These polymorphisms
consisted of variations in the frequency of GGAVP and GGFGP repeats immediately

downstream from the RGD site, which has been shown to be an important mediator in

34



Chapter 1 Literature Review

attachment to mammalian cells (Mooi et al. 1998). In follow-up studies, Mooi et al.
(1999) and Fry et al. (2001) found similar polymorphisms in B. pertussis isolates from
Finland and the United Kingdom, respectively.

These identified polymorphisms have occurred over decades with an increasing
divergence away from vaccine strains and it has been suggested that the cause of this
antigenic shift has been selection pressure from efficacious whole-cell vaccination
(Mooi et al. 1998). Antigenic variation needs to be an obvious consideration in the
development of future pertussis vaccination strategies including DNA vaccination;
however, it is beyond the scope of this study to assess the impact of these

polymorphisms on DNA vaccine efficacy.

1.4.7 Summary of Immunity to B. pertussis

B. pertussis is a complex and highly adapted respiratory pathogen. They produce an
array of toxins, outer membrane proteins and other virulence determinants which
contribute immune protection and immune system subversion in addition to
pathogenesis (Mills 2001). Of these virulence factors, FHA, PT, Pertactin and AC-Hly
are responsible for the majority of these antagonistic effects, and hence effective

priming of the immune system against these four antigens is a important for protection.

The mechanisms of acquired immunity against B. pertussis infection following natural
infection or vaccination are not yet fully understood (Carter et al. 2004). It is well
recognised that in general whole-cell vaccines elicit a dichotomous Th1/Th2 response
that resembles the natural immune response, whereas acellular vaccines typically induce
a strong Th2 humoral response with little or no CMI (Mills et al. 1998). To date, much
of the focus has been centred on the role of antibodies. There is little doubt that
antibodies are required for protection, albiet most likely in the early phase of infection.
As with the majority of other infectious diseases antibodies have a multidimensional
role in immunity to B. pertussis, from the prevention of colonisation to clearance of the
pathogen via opsonisation and complement fixation, neutralisation of toxins and
antibody-directed cytotoxicity (van den Berg et al. 2001). However, the lack of a
definitive serological correlate(s) of protection and the discovery that B. pertussis can
also survive and persist within macrophages suggests that cell-mediated immunity is

central to immunity, but this role is likely to exend beyond T-helper mediated
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responses. For instance, production of nitric oxide by activated macrophages has been
reported to contribute to the elimination of intracellular bacteria (Mills et al 2001). It
has been shown that nitric oxide synthase knockout mice are more susceptible to B.
pertussis challenge than wild-type mice (Carter et al. 2004). Furthermore, a longer
duration of immunity is often associated with CMI rather than humoral responses (Mills

et al. 1993).

The somewhat contradictory evidence surrounding effective acquired immunity to B.
pertussis also poses problems with the design of a novel and improved vaccine
formulation. Recent studies by Mills et al. (1998) and Leef et al. (2000) have provided
a comprehensive assessment of the mechanisms of immunity to B. pertussis. Intranasal
immunisation of both wild-type and an array of transgenic mice such as TCR KO (Terf"
Terd’), CD4” KO, CD8 KO (B2-microglobulion’), and B cell KO (Igh6’) with formalin-
fixed B. pertussis demonstrated that cellular responses, from both CD4+ T cells and B
cells, were the main contributor to protection from aerosol infection (Leef et al. 2000).
Interestingly, although the authors agreed that an antibody response was advantageous,
they argued that the beneficial B cell involvement was not related to antibody
production but rather antigen presentation, cytokine production and interaction with NK
cells and macrophages. Mills et al. (1998) also assessed the immune responses and
bacterial clearance in convalescent or immunised wild-type and knockout mice
following aerosol infection. The results confirmed the important role of IFN-y in
recovery from natural infection and in response to Pw immunisation. However, in
contrast to Leef et al. (2000) aerosol challenge of Pa and Pw-immunised mice with
disruption of the p immunoglobulin heavy-chain gene (Ig'/ 7) identified an absolute need
for antibody in successful clearance. Finally, in an all-inclusive review of immunity to
B. pertussis, Mills (2001) argued in favour of complementary roles for humoral and

cell-mediated components.

1.5 DNA Vaccines

1.5.1 Background of DNA Vaccine Technology

DNA vaccines consist of a plasmid DNA backbone encompassing a strong eukaryotic
or viral promoter and polyadenylation signal that facilitates expression from a
recombinant antigen-encoding gene within mammalian host cells (Mor & Elisa 1999).

Although the precise mechanisms are not known, DNA vaccines are believed to mimic

36



Chapter 1 Literature Review

the processing of viral antigens, in that somatic host cells are transfected with plasmid
DNA, after which a foreign antigen can be endogenously expressed, processed, and then
presented by the MHC class 1 pathway (Lowrie 1998). Endogenously expressed
recombinant protein may also be secreted into the extracellular compartment and taken
up by circulating professional APCs for activation of CD4+ cells via presentation with
MHC class II molecules, in a process referred to as cross-priming (Sharma & Khuller
2001). Alternatively, APCs can be the primary targets for DNA transduction and direct
priming of CD4+ and CD8+ T cells (Gurunathan, Klinman & Seder 2000). Hence the
in vivo expression of an antigen is a novel method for the generation of both humoral
and cell-mediated immune responses. Examples of humoral responses to DNA-encoded
antigens include: HIV envelope protein (Wang et al. 1993), Hepatitis B surface antigen
(Davis, Michel & Whalen 1993), Leishmania major gp63 (Xu & Liew 1995),
Mycobacterium tuberculosis Ag85 (Huygen et al. 1996) and recently the S1 subunit of
B. pertussis (Kamachi, Konda & Arakawa 2003). Similarly, examples of cytotoxic and
helper T cell responses have included HIV envelope protein (Shiver et al. 1995),
Hepatitis B surface antigen (Schirmbeck et al. 1995) and Herpes Simplex Virus (HSV)
(Manickan et al. 1995).

The most important feature of any vaccine is the ability to confer a protective immune
response to the recipient. Ulmer et al. (1993) were first to demonstrate that protective
immunity could be conferred following the injection of plasmid DNA. The generation
of both antigen-specific antibodies and Tc against the nucleoprotein of influenza A
cross-protected mice against challenge from a circulating strain that was antigenically
divergent from the vaccine strain. Since this initial finding the field of DNA-based
vaccinology has rapidly expanded and DNA vaccines have now been proven effective
against a number of parasitic, viral and bacterial infections in pre-clinical models

(Vanderzanden et al. 1998; Wang et al. 1998; Delogu et al. 2000).

The main advantage of DNA vaccines is the ease and low cost of production. With a
high copy origin of replication, large yields of plasmid DNA can be purified from
bacteria (typically E. coli) and suspended in a saline solution ready for delivery.
Importantly, DNA vaccine vectors do not have a eukaryotic origin of replication which
prevents replication within the host cell and prevents integration into chromosomal

DNA (Donnelly et al. 1997). Some other potential advantages of DNA vaccines over
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conventional approaches include: no risk of reversion to a pathogenic state; potential
priming of both humoral and cell-mediated immune responses; direct transfection of
professional APC and somatic cells; improved stability and long-lasting immunity
through the induction of memory T cells (Whalen 1996). The use of inducible
promoters, immunoregulatory genes, or gene fusions that enhance or modulate the
host’s immune response against the target antigen also demonstrates the versatility and

limitless potential of DNA vaccines.

1.5.2 Proof of Principle

Following construction of a DNA vaccine, an important issue that must be addressed is
the method by which the plasmid construct will be delivered to the cells of the recipient.
To date there are three modes of DNA vaccine delivery: direct intramuscular (IM)
injection of purified plasmid DNA, biolistic particle bombardment (gene gun) and to
mucosal inductive sites via carrier molecules or attenuated microbes (Tuting et al.

1999).

1.5.2.1 IM DNA Vaccination

With the discovery that myocytes were up to 1000 times more permissive than other
tissues with respect to transfection of naked DNA, direct injection into the quadriceps or
tibialis anterior muscle has been the most commonly used method of DNA

immunisation (Fynan et al. 1993).

Nyika et al. (1998) found survival rates of up to 88% against a lethal challenge of the
intracellular rickettsia Cowdria ruminatium after two IM doses of a DNA vaccine
compared to nil survival in sham-vaccinated mice. This two dose regime of a DNA
vaccine that encoded the major antigenic protein 1 (MAP1) generated a clear Thl
response characterised by elevated IFN-y and IL-2 with only background levels of IL-4,
IL-5, IL-6 and IL-10. Similarly, Velikovsky et al. (2002) demonstrated that a Thl
response induced by IM vaccination against the lumazine synthase antigen of Brucella
abortus significantly reduced bacterial burden after challenge, but a humoral response
generated by a recombinant subunit preparation could not. Of particular relevance was
the success obtained with the use of the pcDNA3 eukaryotic expression vector, the

same plasmid DNA backbone used for this work.
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Whilst highly efficient in the uptake of DNA, a limitation with this site is that unlike the
skin and mucosal surfaces which require constant immune surveillance muscle tissue
has a lower distribution of professional APCs. This predominance for MHC class I-
restricted presentation of antigens may explain the strong bias towards Thl type
responses that are frequently observed with IM DNA vaccination and also the relatively

large dosage required.

1.5.2.2 Particle Bombardment or Gene Gun Administration

Gene-gun immunisation involves firing DNA-coated gold particles into the epidermis.
Fynan et al. (1993) tested the efficacy of an influenza virus hemagglutinin DNA vaccine
in mice across all routes of administration. They found that although parenteral routes
such as IM and IV as well as intranasal immunisation provided excellent protection,
gene-gun delivered DNA was by far the most efficient. As little as 0.4ug of DNA
provided an equivalent 95% level of protection to 300ug of naked DNA administered
by IM injection. The other important distinction between the gene gun and direct
injection approaches is the polarisation of immune responses generated by each mode.
Unlike the largely Thl type response elicited by IM injection, gene gun responses are
dominated by a Th2 response resulting in the induction of humoral rather than cell
mediated effectors (Feltquate et al. 1997). For example, a Th2 response characterised
by a high IgG1:IgG2a ratio completely protected mice from a LDsy challenge dose of
anthrax toxin after gene gun immunisation with plasmids that encoded the protective
antigen (PA) or lethal factor (LF) fragments of the toxin (Price et al. 2001).
Scheiblhofer et al. (2003) also demonstrated the induction of a specific antibody
response dominated by IgGl following gene-gun immunisation against Borrelia
burgdorferi, the aetiological agent of Lyme disease. This Th2 response protected 90%

of mice from an intraperitoneal (IP) challenge of 10* spirochetes.

1.5.2.3 Mucosal Delivery

Oral delivery of DNA vaccines provides an added potential for priming of the common
mucosal immune system, and the potential for stimulating mucosal antibody production
at both local and distant effector sites in addition to a systemic response (Darji et al.
1997). This is important in so far as little or no secretory antibodies have been observed

after IM or gene-gun immunisation (Donnelly et al. 1997).
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Attenuated enteric bacteria such as S. typhimurium have been used as carriers for the
targeted delivery of DNA vaccines to the inductive sites of the digestive mucosa
(Sizemore, Branstrom & Sadoff 1995). Through a typical pattern of infection,
attenuated S. #yphimurium harbouring the DNA vaccine penetrate the epithelial barrier
of the PP through M cells where they are phagocytosed by dendritic cells and
macrophages that subsequently migrate to mesenteric LN and into circulation (Sirard,
Niedergang & Kraehenbuhl 1999).  Unlike virulent strains that can survive
phagocytosis, the attenuated carriers are rapidly eliminated and processed for antigen
presentation. It is presumed that at this point the plasmids are liberated leading to the

endogenous expression of the encoded antigen by an as yet unknown mechanism.

Highlighting the promise of salmonella-mediated delivery, Flo et al. (2001) immunised
mice with three oral doses of an arod S. typhimurium DNA vaccine encoding the
glycoprotein D gene of HSV and detected a strong mucosal and systemic cellular
response that fully protected against an intravaginal challenge. In fact no disease
symptoms were observed and there was less viral shedding compared to IM DNA
vaccination.  More recently, Karpenko et al. (2004) demonstrated that rectal
immunisation with attenuated S. typhimurium harbouring a HIV polyepitope DNA
vaccine induced a potent CTL and antibody response that was superior to IM injection

of either naked DNA or plasmid encapsulated in a VLP.

Some alternative approaches to mucosal delivery of DNA that have provided similarly
encouraging results include: (a) other attenuated bacteria such as Shigella and Listeria
monocytogenes (Shata and Hone 2001; Vecino et al. 2002), (b) attenuated viruses and
virus-like proteins (Wang et al. 2003), and (c) encapsulation with cationic lipids,
liposomes or biodegradable beads (Hobson et al. 2003). As B. pertussis infections are
initiated and limited to the respiratory mucosa, the priming of a specific mucosal
immune response would be beneficial in limiting colonisation of B. pertussis at the site

of entry.
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1.5.3 Adjuvants for DNA Vaccination

With the establishment of DNA vaccination as a robust means of immunisation, much
of the focus has now shifted to enhancing their immunogenicity, particularly for larger
animals and humans, through the use of adjuvants. Trials with conventional adjuvants
such as Freund’s or aluminium salts have been limited in most part due to the
concomitant advances in molecular and recombinant techniques that have seen the
advent of genetic adjuvants. However Periwal et al. (2003) demonstrated that a
modified cholera toxin, known to be a potent mucosal adjuvant, was successful in
boosting the systemic and mucosal immune response to a Norwalk virus VLP. Genetic
adjuvants are expression vectors of cytokines or other molecules that modulate the
immune response when co-administered with the vaccine antigen (Sasaki et al. 2003).
Predictably, the application of Th2 cytokines improved IgGl responses and down-
regulated cellular effectors, whereas the use of Thl cytokines augments CMI and at the
same time was antagonistic to Th2 responses such as decreasing the 1gG1/IgG2a ratio
(Boyaka & McGhee 2001a; Scheerlinck 2001). For instance, when an IL-12-encoding
plasmid was co-administered with a hepatitis B DNA vaccine, mice showed an elevated
Tc and IgG2a response which corresponded to improved protective efficacy (Chow et

al. 1998).

Finally, the bacterial-derived DNA vaccine vector itself has been shown to possess
adjuvant properties. Among several other differences, bacterial DNA has been shown
to have a 16-20 fold higher frequency of cytosine-phosphate-guanosine (CpG)
dinucleotides compared to mammalian DNA (Sato et al. 1996; McCluskie et al. 2001).
Furthermore, in eukaryotes these dinucleotides are normally methylated as opposed to
being unmethylated in prokaryotes.  These bacterial CpG motifs have been
demonstrated to activate macrophages, dendritic cells, NK cells to secrete pro-
inflammatory cytokines such as TNF-a, interferons, IL-12 and IL-18 that stimulate the
differentiation of naive T cells into Th1 cells (Hemmi et al. 2000; de Jong et al. 2002).
This further imparts the capacity for strong Th1 responses to DNA vaccination.
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1.6 Experimental Vaccines
Apart from DNA vaccination, there are other novel pertussis vaccines at various stages
of development, such as live attenuated mutants and pertussis antigens encapsulated in

biodegradable particles, which represent potential alternatives to Pw and Pa vaccines.

In parallel with the development of DNA vaccines against pertussis, our laboratory is
currently in the process of evaluating an aroQ mutant of B. pertussis as a live attenuated
vaccine, delivered via the intranasal route. Preliminary experiments have shown that
the metabolite-deficient strain was safe as a vaccine in mice and survived long enough
to induce a significant IgA and IgG response in both the serum and respiratory
secretions (Cornford-Nairn et al. 2005; Mukkur et al. 2005). The mutant also induced a
systemic cell-mediated response as indicated by the production of IFN-y and IL-12.
Mice immunised with the aroQ mutant were protected against challenge with a sub-
lethal infectious dose, clearing the pathogen within 6 days post-challenge. Similarly,
Roberts et al. (1990) developed an auxotrophic B. pertussis mutant by insertion of a
kanamycin resistance cassette into the aroA gene. Mice immunised with the aroA
mutant via inhalation of aerosols induced an IgM, IgA and IgG response that conferred
protection against a subsequent aerosol challenge with the virulent parental strain. A
pertussis toxin-deficient mutant expressing the glutathione S-transferase of Schistosoma
mansoni as an FHA fusion protein was found to be effective as both a live attenuated
vaccine and as well as a delivery vehicle for heterologous antigens (Mielcarek et al.
1998). When given as a single intranasal dose, the mutant protected mice from
challenge with virulent B. pertussis and also the Schistosoma mansoni parasite

(Mielcarek et al. 1998).

The main advantage of live attenuated vaccines is that they offer a non-invasive means
of vaccinating infants and children, which closely resembles the natural infectious
process and thereby could provide long-lasting immunity (Locht et al. 2004). However,
the current limitation with this mode of vaccination surrounds its safety, with concerns
that include the risk of reversion to a pathogenic form, the presence of toxins including
LPS, pertussis toxin and adenylate cyclase-hemolysin, as well as the presence of

antibiotic resistance markers used for gene inactivation.
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An alternative to live attenuated mutants for mucosal immunisation is the use of inert
carriers such as liposomes and biodegradable particles for oral or IN delivery of
antigens (Guzman et al. 1993; Conway et al. 2001). Both oral and parenteral delivery
of purified pertussis toxoid and filamentous hemagglutinin encapsulated in poly-lactide-
co-glycolide polymers was demonstrated to protect mice from an aerosol-induced B.
pertussis infection (Conway et al. 2001). However, several factors were found have a
critical effect on the immunogenicity of the biodegradable formulations, specifically the
size of the particles used and the route of delivery. Immunisation with larger
microparticles generated a largely Th1 response. On the other hand, immunisation with
the smaller nanoparticles elicited a largely Th2 response irrespective of whether the oral
or parenteral routes were employed. Interestingly, a protective response was observed
after a single parenteral dose of the pertussis microparticles, whereas three oral doses of
the pertussis nanoparticles were required to confer the same degree of protection

(Conway et al. 2001).

1.7 Objective of this Research Project

The continued prevalence of whooping cough coupled with an increasing incidence of
serious post-immunisation side reactions, particularly with booster vaccination,
indicates that conventional vaccines are not completely satisfactory and necessitates the
development of alternative vaccine(s) that are safe and are capable of providing long-
term protection. DNA vaccination is a novel and powerful method of immunisation that
has yet to be evaluated as an alternative to Pw and Pa vaccines; however its protective
potential against other infectious agents combined with the many potential advantages
suggested that this approach was worth investigating. After extensive studies of B.
pertussis and its many virulence factors, filamentous hemagglutinin, pertactin, pertussis
toxin and adenylate cyclase-hemolysin have been identified as the four major protective
antigens using animal models and in human studies. Therefore, the objective of this
study was to evaluate each of the above-mentioned key protective antigens as DNA
vaccine candidates using the mouse respiratory model as an immunisation-challenge
system. Since the current evidence indicates a role for both humoral and cell-mediated
immunity in protection against whooping cough, the second objective was to develop a

regimen that elicited both Th1 and Th2 responses against multiple B. pertussis antigens.
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A list of the materials used in this study including chemicals, buffers, media and the

composition of reagents is provided as Appendix A.

2.1 Bacterial Strains and Culture Conditions

Bacterial strains used in this study are listed in Table 2.1

2.1.1 Bordetella pertussis

Bordetella pertussis strains Tohama 1 and BP338 were kindly donated by Professor
Allison Weiss (University of Cincinnati, Ohio). Tohama I is a virulent (vir) or Phase I
strain that was recovered from a patient during the 1950’s epidemic in Japan (Kasuga et
al. 1954). BP338 is a virulent, nalidixic acid-resistant derivative of Tohama I (Weiss &

Goodwin 1989).

2.1.2 Escherichia coli

2.1.2.1 TOP10

The initial host of the plasmid constructs was E. coli strain TOP10. TOPI10 are
provided as a component of both the pTrcHis2-TOPO and pcDNA3.1/V5-His-TOPO
cloning kits (Invitrogen), and has been designed to provide optimal transformation

efficiency following a cloning procedure.

2.1.2.2 XL10-Gold

XL10-Gold is an E. coli strain that was provided as a component of the Quick-
Change™ XL Site-Directed Mutagenesis Kit (Stratagene). XL10-Gold was derived
from the E. coli K12 strain XL1-Blue (Stratagene) and has been engineered to
efficiently repair nicked plasmid DNA.

2.1.2.3 BL21 Codon Plus-RP

BL21 CodonPlus (DE3)-RP E. coli (Stratagene) were used for optimum expression of
B. pertussis antigens for use in the purification of recombinant antigens. This strain
possessed a pACYC-based plasmid that encodes extra copies of the argU and prol

tRNA genes in addition to conferring chloramphenicol resistance.
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Table 2.1: Bacterial strains used in this study.

Strain

Genotype/Phenotype

Source or Reference

Escherichia coli
TOP10

XL10-Gold

BL21-
CodonPlusRP

Salmonella
typhimurium
P9121

SL3261

Bordetella pertussis

Tohama I

BP338

F mcrA A(mrr-hsdRMS-
mcrBC)  ®80lacZAM15
AlacXT74  recAl deoR
araD139  A(ara-leu)7697
galU galK rpsL  (Str™)
endAl nupG

Tet'A  (mcrA) 183 A
(mcrCB-hsdSMR-mrr) 173
endAl supE44 thi-1 recAl
ayrA96 relAl lac Hte

B F ompT hsdS(rg” mg)
dem+ Tet' gal A (DE3)
endA Hte [argU proL
Cam']

F lam  leu hsdL(rm")
trpD2  rpsL120  ilv452
metES51 metA22 hsdA(r
m") hsdB(rm")

Attenuated aroA

derivative of virulent strain
SL3201

Virulent (Phase I) Wild-
type strain.

Nalidixic acid resistant
derivative of Tohama I

Invitrogen

Stratagene

Stratagene

Ref: Bullas & Ryu
(1983)

Reeves, P.R.
[University of
Sydney]

Ref: Hoiseth &
Stocker (1981)
Stocker, B.A.D.
[Stanford University]

Weiss, A
[University of
Cincinnati]

Weiss, A
[University of
Cincinnati]
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2.1.3 Salmonella typhimurium

2.1.3.1 P9121

Salmonella typhimurium LT2 strain P9121 (also known as LB5000) is a restriction
minus/modification positive (rm") mutant that was used as an intermediate host strain
for DNA vaccine plasmids (Bullas & Ryu 1983). Each of the E. coli-based plasmid
constructs were passaged through the rm" P9121 prior to transformation into the (r'm")
S. typhimurium vaccine strain SL3261. P9121 was kindly donated by Professor Peter
Reeves, Department of Microbiology, University of Sydney.

2.1.3.2 SL3261
S. typhimurium strain SL3261, an aroA mutant (Hoiseth & Stocker 1981) was used as
the live vaccine strain for oral delivery of the DNA vaccine constructs. SL3261 was

provided by Professor Bruce Stocker, Stanford University.

2.1.4 Routine Culture and Preservation of Bacterial Strains

B. pertussis was cultured on Bordet-Gengou (BG) agar, an enriched blood-based media.
Modified Stainer-Scholte (MSS) broth or Modified Verwey (MV) broth were used for
cultivation of B. pertussis for the preparation of challenge suspensions and the
extraction of genomic DNA respectively. MSS was a modification of the commonly
used and chemically-defined Stainer-Scholte broth, in which the base media was
supplemented with heptakis(2,6-O-Dimethyl)pB-Cyclodextrin (Stainer & Scholte 1970;
Imaizumi et al. 1983). Similarly, MV was Verwey broth with the addition of
heptakis(2,6-O-Dimethyl)B-Cyclodextrin (Verwey et al. 1949, D. Farrell unpublished).
BG plates inoculated with B. pertussis stocks or lung homogenates were incubated at
37°C in a humidified atmosphere for 48 to 72 hours, whereas broth cultures were

incubated at 37°C and 150rpm for 24 to 48 hours.

Luria-Bertani (LB) broth and LB agar were the media of choice for culture of E. coli
and S. fyphimurium. Media was supplemented with ampicillin (100pg/ml) and
chloramphenicol (170pg/ml) when selection pressure was required for the maintenance
of strains transformed plasmid DNA. During the induction of recombinant protein
expression, glucose was included at a concentration of 0.5% (v/v) in the primary
cultures and agar plates to inhibit constitutive (leaky) expression of recombinant

proteins.
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During attempts to optimise certain experiments, LB broth was substituted with terrific
broth (TB), an enriched media that promotes increased growth rates and cell numbers
(Sambrook, Fritsch & Maniatis 1989). S. typhimurium and E. coli were routinely grown
for 14 hours at 37°C and with shaking at 200rpm for broth culture.

All bacterial strains were stored at -70°C for long-term preservation using glycerol
stocks and cryogenic beads. For the preparation of glycerol stocks, glycerol was added
to mid-log phase broth culture at a final concentration of 20% (v/v), with 1ml aliquots
stored in cryogenic vials. For preservation using the Microbank bead system (Pro-Lab
Diagnostics), three colonies were individually emulsified in the cryo-preservative fluid.

Vials were inverted to mix and the fluid removed prior to storage.

2.2 Mammalian Cell Lines

The CHO-K1 cell line was obtained through the courtesy of Professor Peter Timms
(Queensland University of Technology) and is a subclone of the Chinese Hamster
Ovary (CHO) parental line (Puck, Cieciura & Robinson 1958). CHO-K1 was used for
the pertussis toxin and adenylate cyclase toxicity assays (Section 2.13). COS-7 was
donated by Dr Graeme Walker (Queensland Institute of Medical Research) and is an
African Green Monkey Kidney cell derived from the CV-1 line (Gluzman 1981). This
cell line was used to confirm the mammalian expression of recombinant antigens

following transient transfection with the DNA vaccine constructs.

2.2.1 Mammalian Cell Culture

COS-7 were maintained in DMEM media supplemented with 10% foetal bovine serum
(FBS), 25mM HEPES, 100 Units/ml penicillin and 100pg/ml of streptomycin
(Invitrogen). The CHO-K1 cells were maintained in Ham’s F12 media supplemented
with 10% FBS, 25mM HEPES, 100 Units/ml penicillin and 100ug/ml streptomycin
(Invitrogen). Frozen ampoules were removed from liquid N, storage, thawed in a 37°C
water bath and then transferred to 9 ml of pre-warmed growth media in a 15ml
centrifuge tube. The suspensions were mixed by inversion and centrifuged for 10
minutes at 150xg. Supernatants were removed and the pellets resuspended in 1ml of
pre-warmed media. The 1ml suspensions were added to a 25cm? flask that contained
Sml of pre-warmed media and incubated in a humidified environment at 37°C with 5%

CO..
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2.2.1.1 Sub-Culture of Cell Lines

All cell lines were routinely sub-cultured or split into 25cm® flasks unless otherwise
stated. Once cell density reached 90-100% confluence, the existing growth media was
removed and adherent cells were dislodged by adding Iml of Trypsin-EDTA
(Invitrogen) with incubation for 3-5 minutes at 37°C. Cells were gently but thoroughly
resuspended after addition of 1 ml pre-warmed media. A 20ul aliquot of the cell
suspension was removed and counted using a haemocytometer (see Appendix B). Cells
were seeded to a density of 5x10° in 6ml of pre-warmed media and cultured at 37°C

with 5% CO; and high humidity.

2.2.1.2 Preservation of Cell Lines

Cells to be frozen were cultured in 75 cm” flasks until 80% confluent. Adherent cells
were dislodged by trypsinisation as per Section 2.2.1.1. Trypsinised cells were removed
and added to a centrifuge tube that contained 10ml of pre-warmed media. A 20ul
aliquot of the suspension was removed for counting and the remainder centrifuged at
150xg for 10 minutes. The supernatant was removed and the pellet resuspended to a
density of 1x10° cells/ml in complete media supplemented with 10% DMSO (storage
media). One ml aliquots of the cell suspension were transferred to cryovials for storage

in liquid N».

2.3 Plasmid Vectors

The plasmids used or constructed in this study are shown in Table 2.2. Commercial
vectors were selected for the prokaryotic and eukaryotic expression of cloned B.
pertussis gene sequences. The DNA vaccine vector, pcDNA3.1D/V5-His-TOPO
(Invitrogen), was used for expression of recombinant antigens within transfected
mammalian cells via a human cytomegalovirus (CMV) promoter and a bovine growth
hormone (BGH) polyadenylation signal. Recombinant proteins expressed within
transfected cells were chimeric V5/His fusions that enabled detection with a either a V5
or His tag-specific antibody. The respective gene sequences were simultaneously
cloned into the pTrcHis2-TOPO vector (Invitrogen) for purification of the recombinant
antigens from E. coli, for use in downstream applications such as western blotting,
ELISA and the re-stimulation of in vitro cultured splenocytes. Maps and details of both

vectors have been included in Appendix C.
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Plasmids pcDNA3.1D/lacZ and pTrcHis2/lacZ (Invitrogen) encode a B-galactosidase-
fusion protein and were used as positive controls for expression experiments in
mammalian cell lines and E. coli respectively. As introduced in Section 2.1.2.3,
pACYC-RP (Stratagene) was a specialised construct that encoded the tRNA genes argU
and proL. This plasmid was stably transformed within the E. col/i BL21 Codon Plus
strain and was used to enhance the expression of the recombinant proteins. Plasmid

pUCI18 was used as a positive control for all bacterial transformation experiments.

2.4 Isolation of Genomic DNA

Genomic DNA was extracted from B. pertussis using the Aqua Pure Genomic DNA
Isolation Kit (BioRad). B. pertussis strain Tohama I was plated onto BG agar from
glycerol stocks to obtain isolated colonies. After 72 hours incubation a single colony
was selected and used to seed 10ml of Verwey broth. The broth culture was then
incubated until the ODg,s reached 1.0. A 500ul aliquot of the cell suspension was
pelleted by centrifugation at 13,000xg for 2 minutes and the supernatant decanted.
Genomic DNA was then extracted according to the manufacturer’s instructions. A Sl
sample of the DNA sample was analysed using a 0.8% TAE agarose gel to determine

approximate yield.

2.5 Amplification of Target Gene Sequences from Genomic DNA

2.5.1 Oligonucleotides

The oligonucleotides used for amplification in this project are listed in Table 2.3.
Oligonucleotides were designed based on the published Genbank (NCBI) sequences of
the fhaB, prn, ptxSl1, cyad and cyaC genes of B. pertussis, with the accession numbers
M60351.1, AJ006158, M13223, A14850 and M57286 respectively. Each primer pair
was analysed and rated using the NetPrimer primer analysis program

(http://www.premierbiosoft.com/netprimer/netprimer.html) to access the possible

secondary structure formations and dimers that could have interfered with the PCR
efficiency. Oligonucleotides were synthesised by Geneworks (Adelaide) or Invitrogen
(N.Z.), with the lyophilised stocks reconstituted to 2pg/ml and the working solutions
resuspended to 25pmol/ul using RNase/DNase-free water (Invitrogen). Primer stocks

and working solutions were stored at -20°C.
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Table 2.2: Plasmids used and constructed in this study.

cyaC gene of Tohama I.
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Plasmid Description Source

General Plasmids

pcDNA3.1D DNA vaccine vector for eukaryotic expression via Invitrogen
CMV promoter. Amp'.

pcDNA3.1/lacZ pcDNA3.1D/V5-His-TOPO encompassing lacZ Invitrogen
gene for expression control.

pTrcHis2 Cloning vector for expression of recombinant Invitrogen
proteins in E.coli via hybrid #rp/lac promoter.
Amp".

pTrcHis2 pTrcHis2-TOPO encompassing lacZ gene for Invitrogen
expression control

pUCI8 General purpose vector encompassing lacZ gene Amersham
used as transformation control.

pACYC-RP Vector encoding rare tRNAs for enhanced Stratagene
expression of proteins from GC rich templates.
Chloramp'.

Constructed Plasmids

pcDNA3.1D/fhaB1 pcDNA3.1D/V5-His-TOPO encompassing a large This study
fragment of the fhaB gene from Tohama I.

pcDNA3.1D/fhaB2 pcDNA3.1D/V5-His-TOPO encompassing a small This study
fragment of the fhaB gene from Tohama I.

pcDNA3.1D/prn pcDNA3.1D/V5-His-TOPO  encompassing  a This study
fragment of the prn gene from Tohama 1.

pcDNA3.1D/pts1 pcDNA3.1D/V5-His-TOPO encompassing the S/ This study
gene of the ptx operon from Tohama I.

pcDNA3.1D/pts1.13L pcDNA3.1D/V5-His-TOPO  encompassing  the This study
pixSigene of Tohama I with two point mutations
for conversion of arginine to leucine @ aa 13.

pcDNA3.1D/pts1.13L.129G pcDNA3.1D/V5-His-TOPO  encompassing the This study
ptxSigene of Tohama I with four point mutations
for conversion of arginine to leucine @ aa 13 and
glutamic acid to glycine @ aa 129.

pcDNA3.1D/cyad pcDNA3.1D/V5-His-TOPO  encompassing  the This study
cyaA gene of Tohama 1.

pcDNA3.1D/cyaAL58 pcDNA3.1D/V5-His-TOPO  encompassing the This study
cyaA gene of Tohama I with two point mutations
to convert lysine to methionine @ aa 58.

pcDNA3.1D/cyaC pcDNA3.1D/V5-His-TOPO  encompassing  the This study
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pTrcHis2/thaB1

pTrcHis2/fhaB2

pTrcHis2/prn

pTrcHis2/pts]

pTrcHis2/pts1.13L

pTrcHis2/pts1. 13L.129G

pTrcHis2/cyad

pTrcHis2/cyaAL58

pTrcHis2/cyaC

pcDNA3.1

pTrcHis2-TOPO encompassing a large fragment
of the fhaB gene from Tohama I.

pTrcHis2-TOPO encompassing a small fragment
of the fhaB gene from Tohama I.

pTrcHis2-TOPO encompassing a fragment of the
prn gene from Tohama 1.

pTrcHis2-TOPO encompassing the SI gene of the
ptx operon from Tohama 1.

pTrcHis2-TOPO encompassing the p#xSigene
from Tohama I with two point mutations for
conversion of lysine to leucine @ aa 13.

pTrcHis2-TOPO encompassing the ptxSIgene
from Tohama I with four point mutations for
conversion of lysine to leucine @ aa 13 and
glycine to glutamic acid @ aa 129.

pTrcHis2-TOPO encompassing the cyad gene
from Tohama I.

pTrcHis2-TOPO encompassing the cyad gene
from Tohama I with a single point mutation to

convert leucine to methionine @ aa 58.

pTrcHis2-TOPO encompassing the cyaC gene
from Tohama I.

Self-ligated pcDNA3.1/V5-His-TOPO used as a
vaccine control.
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Table 2.3: Oligonucleotides used in this study.

Note 1: Separate sense PCR amplification primers were required for cloning into the pcDNA3.1D/V5-His-TOPO and
pTrcHis-TOPO vectors due to the requirement for a kozak leader sequence (CACCATGG) for the pcDNA3.1D/V5-
His-TOPO PCR products (see Appendix B).

Note 2: Underlined bases in the mutagenesis oligonucleotide sequence indicate the point mutations.

Oligonucleotide Description Sequence (5’ - 3’)

PCR Amplification

FHAB3577DNAF Sense primer for amplification of fhaB gene CACCATGGACATCATCA
downstream from base 3577 of Genbank TGGATGCGAAG
sequence (Accession # M60351.1) - for
cloning into pcDNA3.1D/V5-His-TOPO.

FHAB5740DNAF Sense primer for amplification of fhaB gene CACCATGGGCTATGTCA
downstream from base 5740 of Genbank ACTACTGG
sequence, for cloning into pcDNA3.1D/V5-

His-TOPO.

FHAB3259TRCF Sense primer for amplification of fhaB gene GTTAAGAGCGATGGCG
downstream from base 3259, for cloning into GCCTTCAG
pTrcHis-TOPO.

FHAB5737TRCF Sense primer for amplification of fhaB gene ATCGGCTATGTCAACTA
downstream from base 5737, for cloning into CTGGTTG
pTrcHis-TOPO.

FHABG6966R Anti-sense primer for amplification of fhaB CGTGAAAATATGCGGAT
gene upstream of base 6966. TCACGAGCAC

FHAB6750R Anti-sense primer for amplification of fhaB CAGCACGGTTTGTTCCT
gene upstream of base 6750. TGGGATAGAA

PRN198DNAF Sense primer for amplification of prn gene CACCATGGCGCATGCCG
downstream from base 198 of Genbank ACTGGAACAACCAG
sequence (Accession # AJ006158), for
cloning into pcDNA3.1D/V5-His-TOPO.

PRN198TRCF Sense primer for amplification of prn gene GCGCATGCCGACTGGAA
downstream from base 198, for cloning into CAACCAGTCCATC
pTrcHis-TOPO.

PRN2273R Anti-sense primer for amplification of prn TGTGGCATAGCCCCCGA
gene upstream of base 2273. CATGCACGCTGTC

PTX507DNAF Sense primer for amplification of ptxSI gene CACCATGCGTTGCACTC
downstream from base 507 of Genbank GGGCAATTCGC
sequence (Accession # M13223), for cloning
into pcDNA3.1D/V5-His-TOPO.

PTX507TRCF Sense primer for amplification of ptxSI gene ATGCGTTGCACTCGGGC
downstream from base 507, for cloning into AATTCGC
pTrcHis-TOPO.

PTX1313DNAR Anti-sense primer for amplification of ptxS1 GAACGAATACGCGATG
gene upstream of base 1313, for cloning into CTTTCGTAGTACAC
pcDNA3.1D/V5-His-TOPO.

PTX1313TRCR Anti-sense primer for amplification of GAACGAATACGCGATG
ptxSlgene upstream of base 1313, for CTTTCGTAGTA

cloning into pTrcHis2-TOPO.
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CYAAR83DNAF

CYAARZ3TRCF

CYAA6096R

CYACI111DNAF

CYACI135TRCF

CYACT713R

Sequencing
SFPCSEQF

SFPCSEQR

SFTRCSEQF

SFTRCSEQR

SEQFHAB3760

SEQFHAB4264

SEQFHAB4741

SEQFHAB5197

SEQFHAB5737

SEQFHAB6286

SEQFHAB6724

Sense primer for amplification of cyad gene
downstream from base 883 of Genbank
sequence (Accession # A14850), for cloning
into pcDNA3.1D/V5-His-TOPO.

Sense primer for amplification of cyad gene
downstream from base 883, for cloning into
pTrcHis-TOPO.

Anti-sense primer for amplification of cyad
gene upstream of base 6096.

Sense primer for amplification of cyaC gene
downstream from base 111 of Genbank
sequence (Accession # M57286), for cloning
into pcDNA3.1D/V5-His-TOPO.

Sense primer for amplification of cyaC gene
downstream from base 135, for cloning into

pTrcHis-TOPO.

Anti-sense primer for amplification of cyaC
gene upstream of base 713.

Sequencing downstream from 5’ ligation site
of pcDNA3.1D/V5-His-TOPO.

Sequencing upstream from 3’ ligation site of
pcDNA3.1/V5-His-TOPO.

Sequencing downstream from 5’ ligation site
of pTrcHis2-TOPO.

Sequencing upstream from 3’ ligation site of
pTrcHis2-TOPO.

Sense primer for sequencing of fhaB insert
downstream from base 3760.

Sense primer for sequencing of fhaB insert
downstream from base 4264.

Sense primer for sequencing of fhaB insert
downstream from base 4741.

Sense primer for sequencing of fhaB insert
downstream from base 5197.

Sense primer for sequencing of fhaB insert
downstream from base 5737.

Sense primer for sequencing of fhaB insert
downstream from base 6286.

Sense primer for sequencing of fhaB insert
downstream from base 6742.
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CACCATGGATGTTTGGT
TCTTGCAGAAGGATGAG

GATGTTTGGTTCTTGCA
GAAGGATGAGGTTCTG

GCGCCAGTTGACAGCCA

GGGACTGCAT

CACCATGGCGCACCCAA
CACGG

CCCGCTCCACCATGCAC
CGATGTC

GGCGGTGCCCCGGCCTC
G

TAATACGACTCACTATA
GGG

TAGAAGGCACAGTCGA
GG

GAGGTATATATTAATGT
ATCG

GATTTAATCTGTATCAG
G

GTCGCGAAGAAGCTGTT
TCTC

ACCAAAGGCGAGATGC
AGATC

AACGCGGGCAAGATGC
AGGTC

GATTTCACCAACACGGG
ATCC

ATCGGCTATGTCAACTA
CTGGTTG

AAGATCTTTGGCGAGTA
CAAGAAGCTG

TTCTATCCCAAGGAACA
AACCGTG
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SEQPRN498

SEQPRN924

SEQPRN1398

SEQPTXS801

SEQPTX1167

SEQCYAA1267

SEQCYAA1684

SEQCYAA2041

SEQCYAA2524

SEQCYAA2863

SEQCYAA3220

SEQCYAA3688

SEQCYAA4036

SEQCYAA4450

SEQCYAA4882

SEQCYAA5161

SEQCYAAS5757

Mutagenesis

PTXS1-13LF

Sense primer for sequencing of prn insert
downstream from base 498.

Sense primer for sequencing of prn insert
downstream from base 924.

Sense primer for sequencing of prn insert
downstream from base 1398.

Sense primer for sequencing of pxS/ insert
downstream from base 801.

Sense primer for sequencing of pxS/ insert
downstream from base 1167.

Sense primer for sequencing of cyad insert
downstream from base 1267.

Sense primer for sequencing of cyad insert
downstream from base 1684.

Sense primer for sequencing of cyad insert
downstream from base 2041.

Sense primer for sequencing of cyad insert
downstream from base 2524.

Sense primer for sequencing of cyad insert
downstream from base 2863.

Sense primer for sequencing of cyad insert
downstream from base 3220.

Sense primer for sequencing of cyaAd insert
downstream from base 3688.

Sense primer for sequencing of cyad insert
downstream from base 4036.

Sense primer for sequencing of cyad insert
downstream from base 4450.

Sense primer for sequencing of cyaAd insert
downstream from base 4882.

Sense primer for sequencing of cyaAd insert
downstream from base 5161.

Sense primer for sequencing of cyad insert
downstream from base 5757.

Sense primer for two point mutations at
bases 646 and 647 of ptxS1 insert
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GACACCTGGGACGACG
AC

GTTCCCGGTGGTGCGGT
T

TCGCTGTCCATCGACAA
C

GAACATCGCATGCAGG
AA

ATCGTCGGCACATTGGT
G

GACAACGACGTCAACA
GC

GAACGCATCGACTTGTT
G

AAAAGCCTGTTCGACGA
T

ACCGTGAGCGGTTTTTT
C

CAATCGCACTATGCGGA
T

GAACAACTGGCCAATTC
G

AAGCACAGCATCAAACT
GGAT

GATTCGATCACCGGCAA
T

GATGGCAACGACACGA
TA

AACGACATGCTGTATGG
C

GTTTCCGGTATCGAGAA
C

GGCGATGATACTTATCT
GTTC

TACCGCTATGACTCCCT
GCCGCCGGAGGAC
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PTXS1-13LR

PTXS1-129GF

PTXS1-129GR

CYAA-58LF

CYAA-58LR

Anti-sense primer for two point mutations at
bases 646 and 647 of ptxS1 insert.

Sense primer for two point mutations at
bases 994 and 995 of p#xSI insert.

Anti-sense primer for two point mutations at
bases 994 and 995 of ptxSI insert.

Sense primer for two point mutations at
bases 1151 and 1152 of cyaA insert.

Anti-sense primer for two point mutations at
bases 1151 and 1152 of cyad insert.
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GAAAACGTCCTCCGGCG
GCAGGGAGTCATAGCG
GTA

GCCACCTACCAGAGCGG
CTATCTGGCACACCGG

CCGGTGTGCCAGATAGC
CGCTCTGGTAGGTGGC

GAAGGGGTGGCCACCA
TGGGATTGGGCGTGCAC

GTGCACGCCCAATCCCA
TGGTGGCCACCCCTTC



Chapter 2 Methods

2.5.2 Polymerase Chain Reaction (PCR)

Targeted gene sequences from B. pertussis genomic DNA were amplified by PCR
(Saiki et al. 1988). The constituents for all genomic PCR reactions were purchased
from Invitrogen unless otherwise stated. The nature of the reaction mixture and cycling
parameters used was dependent on the target sequence and whether blunt-ended or A-

tailed products were required.

For unidirectional cloning into the pcDNA3.1D/V5-His-TOPO vector, a blunt-ended
PCR product with a 5’ Kozak leader sequence was used. The inclusion of the
CACCATGG kozak sequence has been reported to enhance the expression of open
reading frames in eukaryotic cells by improving the efficiency of ribosomal assembly
on mRNA transcripts (Kozak 1987). For this purpose, a reaction was used that
consisted of 1xPlatinum Pfx buffer, 0.3mM dNTP’s, ImM MgSQ,, 25pmol of sense
and anti-sense primer, 1-2.5ng of gDNA or 20ng of plasmid DNA template, 2xPCR
Enhancer Solution (denaturant for GC-rich templates), 1 — 1.5 Units of Platinum Pfx

DNA polymerase and Ultra pure water (Millipore) up to 50pl.

Alternatively, cloning into the pTrcHis2-TOPO vector required an A-tailed PCR
product for efficient ligation into the T-tailed vector, in the commonly used TA cloning
method. To obtain the A-tailed PCR products, a reaction mixture that consisted of
1 xPlatinum 7aw buffer, 0.2mM dNTP’s, 2mM MgSQ4, 25pmol of sense and anti-sense
primer, 1-2.5ng of gDNA or 20ng of plasmid DNA template, 2xPCR Enhancer
Solution, 1 — 1.5 Units of Platinum 7aq High Fidelity DNA polymerase and Ultra pure
water (Millipore) up to volume of 50ul was used. To avoid confusion, the forward
primers for amplification products for pcDNA3.1D/V5-His-TOPO cloning had the
DNA abbreviation incorporated in the nomenclature, whereas the sense primers for
products for cloning into pTrcHis2-TOPO had the TRC abbreviation. These

abbreviations were not necessary for the shared reverse primers.

Temperature cycling was performed with a PCR Express Gradient thermal cycler
(ThermoHybaid). The cycling parameters used for the amplification of each target
sequence are outlined in Tables 2.4 to 2.8. Four pul of each PCR product was analysed

by agarose gel electrophoresis upon completion of the thermo-cycling.
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Table 2.4: Optimum cycling conditions for amplification of fhaB.

Oligonucleotides FHAB3577DNAF and FHAB6966R (set #1) or
FHAB3259TRCF and FHAB6966R (set #2)
Product length (bp) 3389 (set #1) or 3707 (set #2) respectively
Oligonucleotides FHAB5740DNAF and FHAB6750R (set #3) or
FHAB5737TRCF and FHAB6750R (set #4)
Product length (bp) 1010 (set #3) and 1013 (set #4) respectively
Cycling parameters
Stage 1 1 cycle 95°C for 5 min
Stage 2 33 cycles 95°C for 30 sec

51°C for 30 sec

68°C for 4 min or 1min*

Stage 3 1 cycle 68°C for 10 min

11°C hold

Note: Two distinct truncated fragments of the fhaB gene were amplified for cloning into the pcDNA3.1D/V5-His-TOPO and
pTrcHis2-TOPO vectors. * Depending on product length.

Table 2.5: Optimum cycling conditions for amplification of prn.

Oligonucleotides PRN198DNAF and PRN273R (set #5) or
PRN198TRCF and PRN273R (set #6)

Product length (bp) 2075

Cycling parameters

Stage 1 1 cycle 95°C for 5 min

Stage 2 32 cycles 95°C for 30 sec

58°C for 30 sec

68°C for 2 min

Stage 3 1 cycle 68°C for 10 min

11°C hold
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Table 2.6: Optimum cycling conditions for amplification of p£S1.

Oligonucleotides PTX507DNAF and PTX1313DNAR (set #7) or
PTXS507TRCF and PTX1313TRCR (set #8)

Product length (bp) 806

Cycling parameters

Stage 1 1 cycle 95°C for 5 min

Stage 2 35 cycles 95°C for 30 sec

59°C for 30 sec

68°C for 1 min

Stage 3 1 cycle 68°C for 10 min

11°C hold

Table 2.7: Optimum cycling conditions for amplification of cyad.

Oligonucleotides CYAAS883DNAF and CYAAG6096R (set #9) or
CYAAS83TRCF and CYAAG6096R (set #10)

Product length (bp) 5213

Cycling parameters

Stage 1 1 cycle 95°C for 5 min

Stage 2 33 cycles 95°C for 1 min

60°C for 1 min

68°C for 6 min

Stage 3 1 cycle 68°C for 10 min

11°C hold
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Table 2.8: Optimum cycling conditions for amplification of cyaC.

Oligonucleotides CYACI11DNAF and CYAC713R (set #11) or
CYACI35TRCF and CYAC713R (set #12)

Product length (bp) 602 or 578

Cycling parameters

Stage 1 1 cycle 95°C for 5 min

Stage 2 33 cycles 95°C for 30 sec

55°C for 30 sec

68°C for 1 min

Stage 3 1 cycle 68°C for 10 min

11°C hold

2.5.3 Purification of PCR Products

The High Pure PCR Product Purification Kit (Roche) was used to clean-up selected
PCR products prior to cloning. PCR products were either purified directly from the
reaction tube or from agarose gel according to the manufacturers’ instructions. The
method of PCR product purification was dependent on the purity of the target band
following agarose gel electrophoresis. Purified PCR products were re-run on an agarose

gel to determine yield against the Low Mass DNA marker (Invitrogen).

2.6 Cloning into pcDNA3.1D/V5-His-TOPO and pTrcHis2-TOPO Vectors

A feature of the commercial pcDNA3.1D/V5-His-TOPO or pTrcHis2-TOPO vectors
was the incorporation of TOPO cloning technology, in which Topoisomerase I was
covalently bound to the 3* ends of the vector. The use of this technology provided a
simple and rapid means of PCR product ligation without the need for a DNA Ligase
reaction. Depending on the concentration, between 0.5 and 4l of purified PCR product
was added to 1pl of Salt Solution, 1pl of vector and DNase/RNase-free dH,0 up to Sul
for the pcDNA3.1D/V5-His-TOPO cloning reaction. The pTrcHis2-TOPO cloning
reaction was identical, except the Salt Solution that was omitted. The reaction was
mixed and incubated for 5 minutes at room temperature for ligation. All reagents listed

were supplied with the respective cloning kit.
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2.6.1 Transformation of TOP10 E. coli

Immediately following ligation, 2ul of the cloning reaction was added to a vial of
competent TOP10 E. coli, gently mixed, and incubated on ice for 30 minutes. Cells
were heat-shocked for 30 seconds at 42°C and incubated on ice for 2 minutes. 250ul of
pre-warmed SOC media was added to the cells followed by incubation for 1 hour at
37°C and 200rpm. A 200ul aliquot was spread onto LB agar plates supplemented with
glucose and ampicillin, and incubated for 14 hours at 37°C. Each transformation
reaction included both a positive and negative control. For the positive control TOP10
cells were transformed with 10pg of pUCI18, whereas the negative control involved a

mock transformation of TOP10 in the absence of plasmid DNA.

Five colonies from each transformation were randomly selected for a screening
procedure that involved overnight culture for plasmid DNA isolation and automated
sequencing. This process was used to confirm that the insert was in the correct

orientation and the base sequence was error-free.

2.6.2 Isolation of plasmid DNA

Plasmid DNA required for DNA sequencing was isolated using the Qiaprep Miniprep
Spin Kit (Qiagen) or the Nucleospin Plasmid Miniprep Kit (Macherey Nagel). Both
methods are based on the absorption of DNA onto a silica membrane, released after
alkaline lysis of bacterial cells. Ten ml of LB (with antibiotics) was inoculated with a
single colony and incubated for 14 hours at 37°C and 200rpm. A 4 ml aliquot was
pelleted at 14,100xg for 1 minute and DNA isolated according to the manufacturer’s
protocol. Plasmid DNA was eluted from the columns using 50ul DNase/RNase-free
dH,0 with centrifugation at 14,100xg for 1 minute.

2.7 DNA Sequencing

Inserts and insert flanking regions of the vector (ligation points) from each of the
selected plasmid clones were sequenced using the ABI PRISM BigDye Terminator
version3.1 Ready Reaction Kit (Applied Biosystems). The reaction and cycling
conditions used were based on the manufacturer’s recommendations, except the
sequencing of pTrcHis2-TOPO constructs, which required optimisation due to low

yields of plasmid DNA template.
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2.7.1 Oligonucleotides

Oligonucleotides used for sequencing are listed in Table 2.3. The sequences of the
oligonucleotides required for sequencing the insert flanking regions of the vector were
supplied with the respective pcDNA3.1D/V5-His-TOPO or pTrcHis2-TOPO cloning
kits (Invitrogen). The design of oligonucleotides for sequencing of the larger inserts
was based on published Genbank (NCBI) sequences (see Appendix D for accession
numbers and primer annealing sites). A gap of approximately 400 bp was allowed
between each sequencing primer to ensure for overlap in the resulting outputs
(chromatograms). Oligonucleotides were synthesised by Geneworks (Adelaide), with
the lyophilised stocks reconstituted to 0.5pug/ml and the working solutions resuspended

to 3.2pmol/pl using RNase/DNase-free dH,0 (Invitrogen).

2.7.2 Big Dye Terminator Reaction

For sequencing of pcDNA3.1D/V5-His-TOPO constructs, a 12ul reaction containing
0.5xBigDye v3.1 Ready Reaction Mix, 300-400ng plasmid DNA, 3.2pmol
oligonucleotide and RNase/DNase free dH20 was used. Alternatively, for the
sequencing of pTrcHis2-TOPO constructs (low yield of plasmid DNA) a reaction
containing 0.5xBigDye v3.1 Ready Reaction Mix, 3.2pmol oligonucleotide and up to
15.5ul with plasmid DNA (300 — 400ng) was used. The cycling parameters for each
sequencing reaction were identical with 1 cycle of 95°C for 5 min followed by 25 cycles

of 96°C for 10 sec, 50°C for 5 sec and 60°C for 4 min.

2.7.3 Clean-up of Sequencing Reaction Extension Products

Extension products from BigDye Terminator reactions were purified by isopropanol
precipitation. The entire volume of the reaction was transferred to a 1.7 ml
microcentrifuge tube. Isopropanol and DNase/RNase-free dH,0 was added to obtain a
final isopropanol concentration of 60+5%. Tubes were vortexed, incubated at room
temperature for 15 minutes and then centrifuged at 15,000xg for 20 minutes.

Supernatants were removed and 250ul of 75% isopropanol added to the pellet.
Following centrifugation at 15,000%g for 5 minutes, the supernatants were removed and

the pellet air dried. DNA pellets were sent for automated sequencing (gel separation) at

the Australian Genome Research Facility (AGRF, Brisbane).
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2.8 Site-Directed Mutagenesis of Toxin Inserts

Site-directed mutagenesis of the cloned ptSI and cyaA inserts was performed using the
QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) according to the
manufacturers’ instructions. Inactivation of the recombinant S1 subunit of pertussis
toxin required four point mutations of the cloned pts/ inserts at bases 646, 647, 994 and
995 (Pizza et al. 1989). Hence, two mutagenesis procedures were performed to change
Arginine to Leucine and then Glutamic acid to Glycine at amino acid positions 13 and

129 respectively.

Inactivation of the recombinant adenylate cyclase-hemolysin involved two point
mutations at bases 1150 and 1151 of the cloned cyad inserts, such that the Lysine was

changed to Methionine at amino acid position 58 (Au, Masure & Storm 1989).

Point mutation of a 4.5kb pWhitescript plasmid (Stratagene) was used as a positive
control for all mutagenesis procedures. The lacZ insert of the pWhitescript plasmid had
an in-frame TAA stop codon, which interfered with p-galactosidase expression.
Subsequent point mutation of the thymidine residue in the stop codon to a cytidine
residue using the control oligonucleotides generated a glutamine codon switch.
Transformation of E. coli with the mutated pWhitescript conveyed a blue phenotype on
selective LB agar supplemented with IPTG and X-Gal, by virtue of an unimpeded (-

galactosidase expression in the mutants.

2.8.1 Oligonucleotides

The oligonucleotides used for the mutagenesis PCR reactions are listed in Table 2.3.
Mutagenesis oligonucleotides were designed from published Genbank (NCBI)
sequences of the ptxS1, and cyad genes (accession # M 13223 and A14850 respectively).
Both sense and anti-sense oligonucleotides were designed with a melting temperature
(Tm) = 78°C with the desired point mutation in the median base positions.
Oligonucleotides were synthesised by Geneworks (Adelaide). Lyophilised stocks were
reconstituted to 1pg/ul and the working solutions 100ng/ul with RNase/DNase-free
dH,0.
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2.8.2 Site-Directed Mutagenesis PCR

All of the necessary components of the mutagenesis PCR reaction were supplied with
the exception of the custom mutagenesis oligonucleotides (Geneworks) and Ultra pure
dH,0 (Millipore). Each 50ul control or test reaction consisted of 1xreaction buffer,
10ng plasmid DNA template, 125ng sense primer, 125ng anti-sense primer, 1xdNTP
mix, 3XQuikSolution, 2.5 Units of PfuTurbo DNA polymerase and RNase/DNase free
dH,0 up to 50ul. The cycling conditions used for the mutagenesis of the ptxS/ and

cyad inserts are shown in Tables 2.9 and 2.10 respectively.

Table 2.9: Optimum cycling conditions for site-directed mutagenesis of ptxSI insert.

Oligonucleotides PTXS1-13LF and PTXS1-13LR or
PTXS1-129GF and PTXS1-129GR

Cycling parameters

Stage 1 1 cycle 95°C for 1 min

Stage 2 18 cycles 95°C for 50 sec
60°C for 50 sec
68°C for 12 min

Stage 3 1 cycle 68°C for 7 min
11°C hold

Table 2.10: Optimum cycling conditions for site-directed mutagenesis of cya4 insert.

Oligonucleotides CYAA-58LF and CYAA-58LR

Cycling parameters

Stage 1 1 cycle 95°C for 1 min
Stage 2 18 cycles 95°C for 50 sec

60°C for 50 sec
68°C for 22 min
Stage 3 1 cycle 68°C for 7 min
11°C hold
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A 10ul aliquot of each control or test reaction was analysed by agarose gel
electrophoresis to determine the outcome of the PCR. Provided that the reactions were
successful, parental (non-mutated and methylated) supercoiled dsDNA was digested
with Dpn I restriction enzyme prior to transformation into XL10-Gold E. coli. One unit
of Dpn I (10U/ul) was added to the remaining 40ul of each reaction tube, mixed, and
incubated at 37°C for 1.5 hours.

2.8.3 Transformation of XL.10-Gold E. coli

Heat shock transformation of competent XL10-Gold cells (Stratagene) was performed
according to the manufacturers’ recommendations. A 250ul volume of the mutagenesis
transformations and 50ul of transformation controls were spread onto LB agar plates

with or without ampicillin and incubated overnight at 37°C.

Five colonies from each mutagenesis experiment were selected for screening by
overnight culture (Section 2.1.4) followed by isolation of plasmid DNA and sequencing.
Plasmid DNA was isolated using the Macherey Nagel Nucleospin Kit (Section 2.6.2).
Automated sequencing was performed on the targeted mutation site of the selected
plasmid DNA clones that had an appropriate molecular size, as determined by agarose
gel electrophoresis. Following identification of a successful mutation, the remaining

insert was sequenced to confirm the integrity of the coding region.

2.9 Transient Expression of Recombinant Protein in Mammalian Cell Lines
Once cloning of antigenic genes and fragments into the pcDNA3.1D/V5-His-TOPO
vector was completed, the in vitro expression levels of the recombinant proteins in a

mammalian system was confirmed by transfection of COS-7 cells.

2.9.1 Isolation of Ultra Pure plasmid DNA

The Nucleobond AX100 Plasmid DNA Isolation Kit (Macherey-Nagel) was used to
obtain up to 100pg of transfection-grade plasmid DNA. All components were supplied
with the kit unless otherwise stated. For each DNA isolation, 100ml of overnight
culture was pelleted by centrifugation for 15 minutes at 6000%g and 4°C. Plasmid DNA

was then isolated according to the manufacturer’s instructions.
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Eluted DNA was precipitated by adding 0.7 volumes (12.5ml) of 100% isopropanol
followed by centrifugation for 40 minutes at 15,500xg and 4°C. The supernatant was
removed and the pellet washed with 70% ethanol (equilibrated to 4°C) followed by
centrifugation for 15 minutes at 15,500xg and 4°C. The supernatant was again removed
and the pellet air-dried prior to resuspension in lml of DNase/RNase-free dH,0
(Invitrogen). The concentration and purity was then determined by agarose gel

electrophoresis and spectrophotometry respectively (see Section 2.15.2.1).

2.9.2 Transfection

Transfection, or the delivery of nucleic acids into eukaryotic cells, was performed using
the Lipofectamine 2000 (LF2000) reagent (Invitrogen). The day before transfection,
cells from two 90-100% confluent flasks were trypsinised, counted and seeded into a
24-well plate at 2x10° cells/well in 0.5 ml of complete DMEM without antibiotics. The
plate was incubated at 37°C with 5% CO; until 90-95% confluent (12-24 hours). The
plasmid DNA required for each well was prepared by diluting 0.5 to 1.5ug DNA into
50ul of OPTI-MEM serum-free media (Invitrogen). Simultaneously, for each test well
2 to 4ul of LF2000 reagent was diluted into 50pl of OPTI-MEM and incubated at room
temperature for 5 minutes. The DNA and LF2000 dilutions were then combined and
incubated at room temperature for a further 20 minutes. The DNA/LF2000 complexes
were added drop-wise to the respective wells and mixed gently. Transfected cells were
incubated for 24 to 48 hours at 37°C with 5% CO,. Following the incubation, cells
from each well were scraped and pelleted by centrifugation at 14,000xg for 1 minute.
Pellets were washed with 1xPBS and resuspended in 40ul 1xSample Buffer in
preparation for PAGE and western blotting (Sections 2.10 and 2.11).

For each transfection procedure, expression of [B-galactosidase from the plasmid
pcDNA3.1D/lacZ (Invitrogen) was used as the positive control. The negative controls
involved transfection with plasmid DNA and no LF2000, LF2000 without plasmid
DNA, and the absence of both DNA and LF2000.
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2.10 PAGE

Discontinuous SDS-PAGE was performed according to the method of Laemmli (1970).
The Mini Protein 3 electrophoresis system (BioRad) was used for all PAGE procedures.
The composition of the 4%/12% discontinuous gels used has been outlined in Appendix
A. Briefly, gels were prepared and inserted into the mini protein 3 cassette. The inner
chamber was completely filled, and the electrode exposed to the outer chamber covered
with 1xTris-Glycine Running Buffer. Samples were prepared in 1xSample Buffer,
heated for 5 minutes at 95°C and loaded into the submerged wells. Electrophoresis was
performed at 200V until the desired level of migration was achieved. The broad range
BenchMark® ladder (Invitrogen) was used to determine the molecular mass of the
recombinant proteins. Gels were removed and protein stained with coomassie blue

(Appendix B).

2.11 Western Blotting

Resolved protein(s) from unstained SDS-PAGE gels were transferred to a
polyvinylidene difluoride (PVDF) membrane (Amersham Pharmacia Biotech) using a
Trans-Blot apparatus (BioRad). For each transfer, a piece of PVDF with equivalent
dimensions to the gel was soaked in Methanol for 1 minute. The PVDF, 2 pieces of
blotting paper and 2 fibre pads were then equilibrated in Transfer buffer. A transfer
sandwich was assembled under transfer buffer in the following order: fibre pad, blotting
paper, gel, PVDF, blotting paper and fibre pad. The transfer sandwich was inserted into
a transfer cassette, which was in-turn placed into the tank. A frozen cooling cell was
inserted and the tank filled with Transfer buffer. Depending on the size of the target

protein(s), transfer was run at 100V for 1-2 hours.

Following transfer, the target recombinant protein was detected using either the Western
Breeze Kit (Invitrogen) according to the manufacturer’s instructions or an in-house
protocol outlined in Appendix B. For the detection of recombinant protein expressed
from E. coli, anti-histidine alkaline phosphatase conjugated antibody (Invitrogen) was
used at a 1:5000 dilution. Alternatively recombinant proteins expressed from
transfected mammalian cells were detected using a 1:2000 dilution of anti-V5 alkaline

phosphatase conjugated antibody (Invitrogen).
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For detection of IgG in serum samples or AC-Hly monoclonal antibodies, membranes
were incubation with a 1:2000 dilution of an anti-mouse IgG HRP (Pierce) conjugate.
For molecular weight determinations the BenchMark® ladder (Invitrogen) was
transferred onto PVDF and detected using the anti-His antibodies, whereas the pre-
stained version was transferred onto the membrane for western blots using the anti-V5

antibody, serum or ascites.

2.12 Purification of Recombinant Proteins

2.12.1 Induction of Recombinant Protein Expression

Optimal conditions for the induction of recombinant protein expression were
determined empirically by a pilot experiment. The appropriate E. coli strains were
plated on LB agar (with ampicillin and chloramphenicol as required) from glycerol
stocks and incubated overnight to obtain isolated colonies. Ten ml of LB broth with
ampicillin was inoculated with a single isolated colony and incubated for 14 hours. The
primary culture was diluted 1:200 into 600ml of LBA broth (no glucose) and incubated
until the ODgg reached 0.6. Isopropyl-beta-D-thiogalactopyranoside (IPTG) was added
to a final concentration of 1mM, and the culture incubated for 4 hours at 37°C and
200rpm to induce recombinant protein expression. Cells were pelleted at 12,500xg for

5 minutes and the pellet stored at -70°C until required.

2.12.2 Transformation of BL21 CodonPlus(RP) E. coli

Heat shock transformation of BL21 CodonPlus(RP) competent cells (Stratagene) was
performed according to the manufacturers’ recommendations. A 200ul aliquot of each
transformation reaction was spread onto LB agar with or without selective antibiotics.
Plates were incubated at 37°C for 16 hours. The positive control for the BL21
transformations was pUC18, whereas the negative control consisted of competent cells

without plasmid DNA.
Five colonies from each BL21 transformation were screened for expression of the

respective recombinant proteins by induction with IPTG followed by PAGE and

western blotting.
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2.12.3 Affinity Chromatography

Ni-NTA agarose (Qiagen) was used for the purification of recombinant 6xHis-tagged
proteins from induced E. coli lysates, in a batch format. The composition of reagents
used for the purification procedures are included in Appendix A. It was determined in a
pilot expression experiment that most of the target recombinant proteins were either
poorly soluble or insoluble in a native buffer. Therefore recombinant proteins were

purified under denaturing conditions.

A 100ml pellet of induced cells was resuspended in 10ml Buffer A (pH 8.0), and
incubated for 1 hour at RT with shaking at 60rpm. To enhance lysis, the suspension
was sonicated in an ice bath for 5 cycles of 30 seconds on/60 seconds off at 60% duty
and maximum output using a Branson Sonifier. The lysate was centrifuged at 10,000xg
for 25 minutes and 1ml Ni-NTA agarose added to the supernatant. The slurry was
incubated for 40 minutes at RT with shaking at Irev/sec to allow resin/His-tagged
protein interaction. The slurry was then loaded into a disposable 4ml column and
flowthrough collected by gravity flow. The matrix was washed with 8 column volumes
(CV) of Buffer C (pH 6.3) followed by elution of recombinant protein with four 0.5 CV
of Buffer D (pH 5.9) and a further four 0.5 CV of Buffer E (pH 4.5). A 30ul aliquot of
the wash and each eluate was analysed by PAGE. Appropriate eluates were pooled and
concentrated using vivaspin20 columns (Appendix C) for use in ELISA, western blot

and splenocyte stimulation.

2.12.4 Quantitation of Protein

The concentration of purified recombinant protein was determined using a modified
Bradford assay. The Coomassie Plus Protein Assay Reagent (Pierce) was used
according to the manufacturer’s instructions. A 2mg/ml BSA standard (Pierce) was
used for the preparation of standards ranging from 2.5 — 25ug/ml in ultra pure dH»0.
Unknown samples were diluted between 1:5 and 1:20 with dH,0. A 150ul volume of
each standard and unknown preparation was added to appropriate wells of a 96-well
microplate in duplicate. A further 150ul of Coomassie Plus Reagent was added to each
well and gently mixed with the samples. Absorbance and concentration was then
measured at 595nm using a Model 550 Microplate Reader (BioRad) after a 30 second

incubation at room temperature.
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2.13 Toxicity Assays

It was necessary to confirm that the genetic inactivation of the recombinant adenylate
cyclase and pertussis toxins by site-directed mutagenesis was successful, prior to their
use in experiments involving the use of animals. This was tested using two in vitro cell

assays.

2.13.1 CHO Cell Assay for Determination of Pertussis Toxin Activity

The ADP-ribosyltransferase, NAD glycohydrolase, leukocytosis and histamine
sensitization assays are all well established in vivo methods for testing the activity of
pertussis toxin (Kimura et al. 1990). However, the CHO cell assay has been shown to
be an acceptable in vitro method for the determination of pertussis toxin activity
(Hewlett et al. 1983). This assay is based on the observation that CHO cells exhibit a
characteristic rounded and clustered morphology in response to the action of PTX.
Although Hewlett et al. (1983) developed this assay as a method to assess the activity of
native and inactivated toxin molecules, the use of pertussis toxin as a DNA vaccine
antigen was limited to S1 subunit alone (see Section 5.1). As the B oligomer or
remaining subunits of the toxin are required for translocation of the S1 subunit across
the cell membrane, the modified method of Castro et al. (2001) was used. As such,
native or genetically-inactivated recombinant S1 subunits were endogenously expressed
within CHO-K1 cells following transfection with the respective eukaryotic expression

plasmids.

CHO-K1 cells were seeded into two 6-well plates at 5x10° cells/well in 2ml of complete
F12 without antibiotics. Plates were incubated at 37°C with 5% CO, until cells were
80% confluent. At this point cells were transfected with 2.5-5ug of pcDNA3.1D/ptS1,
pcDNA3.1D/ptS1.13L or pcDNA3.1D/ptS1.13L.129G using the Lipofectamine 2000
method (see Section 2.9.2). As a positive control CHO-K1 cells were exposed to 80ng,
800ng, 8ug or 40ug of commercially purified pertussis toxin (List Biologicals) in 0.5ml
OPTI-MEM. Negative controls included transfection of CHO-K1 with
pcDNA3.1D/ptS1 in the absence of LF2000 and treatment of CHO-K1 with LF2000
only. Plates were incubated at 37°C with 5% CO; for 24 hours with regular observation
for evidence of the clustered morphology in the test and positive control wells. The
morphology of the cells in each well was documented as a digital image after 12 hours

of incubation.
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2.13.2 Cyclic AMP Assay for the Determining the Activity of Adenylate Cyclase-
Hemolysin

Adenylate cyclase activity has traditionally been assayed in vitro by measuring the
production of cyclic AMP from radioactively labelled ATP [o-"*P] (Salomon, Londos &
Rodbell 1974; Hanoune et al. 1977). Although a reliable and proven method, this
radioimmunoassay requires ~10-250pg/ml of pure recombinant antigen for each
reaction, a requirement that could not be achieved in this project. Hence, an alternative
approach for the assay of cCAMP was devised to quantitatively assess the toxicity of the
recombinant adenylate cyclase-haemolysin antigen. The assay was a three-step
procedure that involved: (i) transfection or treatment of CHO-K1 cells with selected
eukaryotic expression plasmids or purified antigen, (ii) lysis of CHO-K1 cells following

incubation, and (iii) analysis of cAMP levels in lysates using a cAMP immunoassay.

2.13.2.1 Transfection of CHO-KI1 Cells

Four 6-well plates were seeded with 5x10° cells/well in 4ml of complete F12 (without
antibiotics) and incubated until 90% confluent. Transfections were performed using the
LF2000 reagent as previously described. Briefly, an appropriate amount of plasmid for
each well (see Table 2.11) was diluted up to 250ul with OPTI-MEM. Similarly, the
respective amount of LF2000 required for each well was also diluted up to 250ul with
Opti-MEM, and incubated at RT for 5 minutes. LF2000 dilutions were added to the
appropriate plasmid dilution tube, mixed and incubated at RT for 20 minutes to allow
the formation of complexes. During this incubation period the media in each well was
replaced with 4ml of fresh complete F12 without antibiotics. As an assay control, CHO
cells were treated with various concentrations of a commercial adenylate cyclase toxin
(List Biologicals) ranging from 40ng/ml to 40pg/ml were prepared in 500ul of OPTI-
MEM (Table 2.11). DNA-LF2000 complexes and purified AC-Hly preparations were
added drop-wise to their respective wells and incubated for 24 hours at 37°C with 5%

CO..
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2.13.2.2 Lysis of Treated CHO-K1 Cells

The manufacturer’s instructions for the cAMP EIA failed to provide sufficient detail
regarding effective lysis of treated mammalian cells, and simply recommended the use
of 0.IM HCL. As this was an unpublished method for assessing the toxicity of
recombinant adenylate cyclase, the optimal lysis conditions were determined (see
Appendix B for details). As a result of this lysis experiment, CHO-KI1 cells were
treated with 2ml of 0.1% Triton X100 and incubated for 30 minutes at room
temperature. Lysates were collected, divided into 1ml aliquots and the supernatants
collected by centrifugation at 14,000xg for 1 minute. Concentrated HCl (37%) was
added to each 1ml supernatant to a final concentration of 0.1M to prevent degradation
of cAMP by endogenous phosphodiesterases. Supernatants were stored at -20°C until

required for the cAMP immunoassay.

2.13.2.3 cAMP Immunoassay

A cAMP immunoassay (Biomol Research Laboratories Inc.) was used according to the
manufacturer’s instructions. All reagents were supplied with the kit unless otherwise
stated. The kit is a competitive immunoassay for the quantitative determination of
cAMP in samples treated with HCI. Non-acetylated cAMP standards or samples were
bound to immobilised anti-cAMP antibodies in competition with AP-conjugated cAMP.
Hence, absorbance measured at 405nm was inversely proportional to the cAMP

concentration.

Briefly, 50ul of Neutralising reagent was dispensed into each well with the exception of
the Blank and Total Activity (TA) wells. A 100ul volume of 0.1M HCI/0.1% Triton
X100 was then added to the non-specific binding (NSB) and zero standard (Bo) wells.
Cyclic AMP standards #1 through #5 (200, 50, 12.5, 3.12, 0.78pmol/ml) were prepared
by dilution of the 2000pmol/ml stock with 0.1M HCI1/0.1% Triton X100. One hundred
pl was added to the appropriate wells in duplicate. A 100l volume of each undiluted
test sample was added to the appropriate well followed by 50ul of 0.1M HCI/0.1%
Triton X100 to the NSB wells. Fifty pl of cAMP-AP conjugate was added to all wells
except Blank and TA. A further 50ul of rabbit anti-cAMP antibody solution was added
to all wells except Blank, TA, and NSB. The plate was incubated for 2.5 hours at RT
with shaking at 200rpm. Each well was washed three times with 1xWash Buffer and
tapped dry. Five ul of cAMP-AP conjugate was added to the TA wells before 200ul of
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the p-nitrophenyl phosphate (pNPP) substrate was added to each well. The plate was
incubated for 1 hour at RT without light or shaking. The reactions were stopped with

50ul of stop solution and the absorbance read at 405nm with correction at 595nm.

Table 2.11: Outline of Transfection Component of cAMP Assay.

Plate # | Well # Treatment Amount of plasmid Vol. (pl) of
DNA or protein Lipofectamine2000
A 1 pcDNA3.1D/cyaALS58 (test) | 2.5ug pDNA 9
2 pcDNA3.1D/cyaAL58 (test) | Sug pDNA 17.5
3 pcDNA3.1D/cyaAL58 (test) | 7.5ug pDNA 26
4 pcDNA3.1D/cyaA (control) 2.5ug pDNA 9
5 pcDNA3.1D/cyaA (control) | Sug pDNA 17.5
6 pcDNA3.1D/cyad (control) | 7.5ug pDNA 26
B 1 pcDNA3.1D/fhaB1 (control) | 2.5ug pDNA 9
2 pcDNA3.1D/fhaB1 (control) | Sug pDNA 17.5
3 pcDNA3.1D/fhaB1 (control) | 7.5ug pDNA 26
4 No pDNA (control) Nd 9
5 No pDNA (control) Nd 17.5
6 No pDNA (control) Nd 26
C 1 AC-Hly toxin (control) 40pg/ml protein Nd
2 AC-Hly toxin (control) 4pug/ml protein Nd
3 AC-Hly toxin (control) 400ng/ml protein Nd
4 AC-Hly toxin (control) 40ng/ml protein Nd
5 Cells only (control) Nd Nd
6 Cells only (control) Nd Nd

Key:  pcDNA3.1D/cyadAL58 - DNA vaccine construct encoding mutated adenylate cyclase Ag
pcDNA3.1D/cyad - DNA vaccine construct encoding non-mutated adenylate cyclase Ag
pcDNA3.1D/fhaB1 - DNA vaccine construct encoding Filamentous hemagglutinin Ag
AC-Hly toxin - Commercially purified Adenylate Cyclase Toxin
LF2000 — Lipofectamine 2000 transfection reagent
Nd — Not determined
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Average net optical density (OD) was calculated for each standard and sample by
subtracting the average NSB OD from the average bound OD. The binding of each
standard pair was then calculated as a percentage of the maximum binding by dividing
the average net OD by the net Bo OD. The standard curve was generated by plotting
percent bound (B/Bo) versus cAMP concentration and the equation to the curve was

used to calculate the cAMP concentration (pmol/ml) in each test sample.

2.14 Transformation of S. typhimurium

Upon the successful completion of the toxicity assays, the S. fyphimurium vaccine strain
SL3261 was transformed with the eukaryotic expression plasmids (pcDNA3.1D/fhaB1,
pcDNA3.1D/prn, pcDNA3.1D/cyaAL5S8, pcDNA3.1D/cyaC and
pcDNA3.1D/pts1.13L.129G) in preparation for the second mouse experiment. It was
determined that an optimum transformation efficiency of S. typhimurium strain P9121
was obtained following heat shock with competent cells prepared with a proprietary
SUPER-COMP media and RbCl/CaCl, salt solution (Qbiogene). For unknown reasons,
the transformation of SL3261 could only be achieved by electroporation. Prior to
transformation, SL.3261 was cultured on M9 minimal media and M9 + aromatic amino
acid mix (see Appendix A for compostion), to confirm its dependence on an exogenous
source of the aromatic compounds including 2,3-dihydroxybenzoic acid (DHBA), para-
hydroxybenzoic acid (pHBA), para-aminobenzoic acid (pABA), tryptophan,

phenylalanine and tyrosine.

2.14.1 Preparation of RbCl/CaCl, Competent Cells
RbCl/CaCl, competent cells were prepared using a Super-Comp media and RbCl/CaCl,
salt solution (Qbiogene), as outlined in Appendix B.

2.14.2 Heat Shock Transformation

A 50pl aliquot of frozen competent cells was thawed on ice and transferred to a chilled
Falcon 2059 tube (BectonDickinson). Plasmid DNA (20-30ng) was added to the
competent P9121 cells, gently mixed, and incubated on ice for 30 minutes. Cells were
heat shocked for 30 seconds at 42°C and then incubated on ice for a further 2 minutes.
A 250ul aliquot of pre-warmed SOC media was added to the cells followed by
incubation for 1 hour at 37°C and 200rpm. A 200ul aliquot of the cell suspension was

spread onto LB agar plates (with or without antibiotics).
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Plates were incubated for 14 hours at 37°C. Five colonies were selected for a screening
procedure that involved plasmid DNA isolation followed by transfection of COS-7.
The molecular weight of the recombinant protein expressed from the plasmid isolated
from the selected P9121 transformants was compared to the protein expressed from the
original E. coli-based plasmids. For all P9121 transformations, 10pg of pUC18 was
used as the positive control. A reaction with competent cells and no plasmid DNA was

carried out as the negative control for all transformation experiments.

2.14.3 Electroporation
The electroporation of aroA S. typhimurium strain SL3261 was performed using the

BioRad Gene Pulser® apparatus according the protocol of Casjens et al. (1991).

2.14.3.1 Preparation of Electrocompetent SL3261
The reagents and procedure used for the preparation of electrocompetent S. typhimurium

are presented in Appendices A and B respectively.

2.14.3.2 Pulse Transformation

Aliquots of electrocompetent cells were thawed on ice for 5 minutes and then 50ng of
methylated plasmid, isolated from the respective rm’ S. typhimurium P9121
transformant, was added with gentle mixing The DNA-cell suspension was transferred
to a pre-chilled 2mm gap cuvette (BTX), and pulsed for 9 to 13 msec at 2.4kV, 25uF
capacitance with 400Q resistance. Immediately after the pulse, cells were suspended in
0.5 ml of SOC and incubated at 37°C and 225 rpm for 1 hour. A 250 pl aliquot of the
transformation reaction was spread plated onto LB agar supplemented with 100pg/ml of
ampicillin and incubated at 37°C for 14 hours. As a positive control 20ng of plasmid
DNA previously isolated from a transformed r'm" strain of S. typhimurium was used. A
mock transformation (no DNA) was included as a negative control for each

transformation.

Five colonies representing the transformed SL3261 were screened by plasmid DNA

isolation and recombinant protein expression as described in Section 2.14.2.

74



Chapter 2 Methods

2.15 Assessment of the Immunogenicity and Protective Potential of the
Candidate Vaccines in Mice

The immunogenicity and protective efficacy of the different vaccine candidates
delivered via the intramuscular or oral routes were determined in two mouse
experiments. The schedule for dosing, challenge and sampling of mice in both
experiments is represented in Figure 2.1. Briefly, each experimental group of 17 mice
were given either three test or control doses at three week intervals (see Sections 2.15.2
and 2.15.3 for details). Two weeks after the final booster 5 mice per group were
sacrificed to determine the nature of the immune response generated by each vaccine.
The remaining 12 mice per group were challenged with virulent B. pertussis to assess
the protective efficacy of the different vaccine candidates (see Section 2.15.4 for details

of the aerosol challenge protocol).

yvy v L

0 21 42 56 60 67 74

Days

Figure 2.1: Schedule for Vaccination, Challenge and Sampling of Mice to Study Immunogenicity and
Protective efficacy of DNA Vaccination. Administration of candidate vaccines or controls (¢ ),
collection of serum and organs samples from 5 mice per group or aerosol challenge for remaining 12

mice per group ( ¥) and collection of lung samples from challenged mice (V).

2.15.1 General Maintenance of Mice

Six-week old female Balb/C mice were obtained from the Animal Resource Centre
(Canning Vale, Western Australia). The specific pathogen free mice were randomly
segregated into cages and housed within an Isolation Cabinet fitted with charcoal and
HEPA filters (TechnoPlas). Mice were provided with pellet food and water ad libitum

and were allowed 7 days to acclimatise prior to the commencement of experiments.
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2.15.2 First DNA Vaccine Trial

Given the paucity of data on the protective potential of DNA vaccines against whooping
cough, the exception being a recent study with the pertussis toxin S1 subunit (Kamachi,
Honda & Arakawa 2003), the goal of this initial animal experiment was to assess the
nature of the immune response and protective efficacy afforded by each of four selected
pertussis antigens. To achieve this objective the individual eukaryotic expression
plasmids were delivered parenterally via a direct IM injection of naked DNA. Since it
has been reported that vaccination with a single antigen does not provide a sufficient
protective immune response against B. pertussis (Mills 2001), an additional group of

mice were vaccinated with a combination of all five DNA vaccine plasmids.

2.15.2.1 Large-Scale Isolation of Plasmid DNA for IM Delivery

Endotoxin-free plasmid DNA required for IM delivery of the DNA vaccines was
obtained using the Endo-free Plasmid Giga Prep Kit (Qiagen) according to the
manufacturer’s instructions. Following isopropanol precipitation of the eluted plasmid
DNA a 0.5pl sample was analysed for purity and molecular weight by TAE agarose gel
electrophoresis using a 1.0% gel. The plasmid DNA isolated from each preparation was
analysed by UV spectrophotometry to determine concentration (260 nm) and purity
(260/280nm). One hundred pl from each plasmid DNA sample was centrifuged for 1
minute at 14,000%g to clarify the solution. Ten-fold serial dilutions ranging from 10™" to
10~ were prepared using DNase/RNase-free H,0 (Invitrogen). The absorbance of each
dilution was read at 260nm and then 280nm with DNase/RNase-free H,0 as the blank.
Quantitation of plasmid DNA was based on the premise that an absorbance reading of
1.0 at 260nm corresponded to 50pg/ml for double-stranded DNA (Sambrook, Fritsch &
Maniatis 1989). Alternatively, the 260/280nm ratio was used to assess the purity of
plasmid DNA, in which a value of 1.8 - 2.0 corresponded to a pure sample that was free

from protein or phenol contaminants (Sambrook, Fritsch & Maniatis 1989).
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Table 2.12: Outline of First DNA Vaccine Trial.

Route of
Group Dose Dosage Mice Description
Administration
pcDNA3.1D/fhaB1 ™M 3x100pg 5 Test
1 pcDNA3.1D/fhaB1 +
IM + Aerosol 3x100pg + SLID 12
Challenge
pcDNA3.1D/fhaB2 M 3x100pg 5 Test
2 pcDNA3.1D/fhaB?2 +
IM + Aerosol 3x100pg + SLID 12
Challenge
pcDNA3.1D/prn M 3x100pg 5 Test
3
pcDNA3.1D/prn + Challenge IM + Aerosol 3x100ug + SLID 12
pcDNA3.1D/ptxM M 3x100pg 5 Test
4 pcDNA3.1D/ptxM +
IM + Aerosol 3x100pg + SLID 12
Challenge
pcDNA3.1D/cyaAM ™M 3x100ug 5 Test
5 pcDNA3.1D/cyaAM +
IM + Aerosol 3x100ug + SLID 12
Challenge
pcDNA3.1D/cyaAM +
™M 3x100ug 5
pcDNA3.1D/cyaC Test
6 pcDNA3.1D/cyaAM +
pcDNA3.1D/cyaC + IM + Aerosol 3x100pg + SLID 12
Challenge
DNA Vaccine Combination M 3x100pg 5 Test
7 DNA Vaccine Combination +
IM + Aerosol 3x100pg + SLID 12
Challenge
Vector only M 3x100pg 5 negative
8
Vector only + Challenge IM + Aerosol 3x100pg + SLID 12
control
Saline ™M 0.1 ml 5 placebo
9
Saline + Challenge IM + Aerosol 0.1 ml + SLID 12
DTaP (Infanrix™) e 0.2 SHD 5 positive
10 DTaP (Infanrix™)
SC + Aerosol 0.2 SHD + SLID 12 1
+ Challenge contro
Total 170

Key:  SLID - Sub-lethal Infectious dose.
0.2 SHD - 20% of the standard human dose.
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2.15.2.2 Intramuscular Vaccination Regime

All mice received three doses of a test vaccine or control (Table 2.12) at three-week
intervals. DNA vaccine test doses consisted of 100ug plasmid DNA in 100ul of 1xPBS
(50ul injected into each quadricep). The self-ligated pcDNA3.1 vector with no
antigenic gene insert (constructed by Dr Austen Chen, USQ) was used as a DNA
vaccine control. A 100pl dose of 1xPBS and a 0.2 standard human dose (SHD) of
DTaP (Infanrix™) were used as the respective placebo and positive controls. Each dose
was administered via the IM route with a 29 gauge needle with the exception DTaP,
which was administered via the SC route. Prior to IM injection, mice were
anaesthetised with an IP dose of 80mg/Kg and 16mg/Kg respectively of ketamine and
xylazine (Blackshaw & Allan 1995). Anaesthesia was confirmed by the absence of a

footpad-pinch response.

2.15.3 Second DNA Vaccine Trial
Upon evaluation of the response to the individual and combination IM DNA vaccines,
the efficacy of an oral combination DNA vaccine and various dual modality vaccines

(DNA vaccine prime-protein boost) was determined in a second mouse trial.

An in-house acellular vaccine (aP) rather than DTaP (Infanrix™) was used as the
booster doses for the dual modality vaccines. This internal vaccine was prepared
according to the formula of the pertussis component of the Infanrix™ DTaP (GSK)
(Section 2.15.3.2). Although it would have been desirable to use the commercial DTaP
for boosting, a clause in the contract with GSK for supply of the product required that
the sample not be modified. Although the sample itself was not to be altered, the
typical dosing regime was and to avoid potential contractual conflict the subunit vaccine
formulation was prepared in-house. To avoid confusion, from this point onwards the in-

house acellular vaccine will be referred to as aP, and the Infanrix™ vaccine as DTaP.

Consistent with the first DNA vaccine trial, mice received three doses of a test or
control vaccine (Table 2.13) at three-week intervals. Naked plasmid DNA was injected
into the quadriceps whereas the DTaP or aP was injected subcutaneously as described in
Section 2.15.2.2. S. typhimurium DNA vaccines and controls were delivered by oral
gavage using a catheter tip (tubing only) attached to a 1ml syringe (see Section

2.15.3.1).
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Each dose of the S. typhimurium vaccine consisted of 0.1ml of a 1x10' CFU/ml
suspension (in bicarbonate buffered saline). Group 1 mice were given 1x10° CFU of .
typhimurium harbouring the pcDNA3.1D/V5-His-TOPO vector. Group 2 mice received
a combination oral DNA Vaccine, in which 2x10° CFU of five recombinant S.
typhimurium SL3261 strains (SL3261-pcDNA3.1D/fhaB1, SL3261-pcDNA3.1D/prn,
SL3261-pcDNA3.1D/cyaAL5S, SL3261-pcDNA3.1D/cyaC and SL3261-
pcDNA3.1D/ptS1.13L.129G) were pooled for a combined dose of 1x10° CFU. Groups
3 and 4 were administered two dual modality vaccines, in which either an oral or IM
DNA vaccine priming dose was boosted with aP. Group 5 mice were primed with an
IM dose of pcDNA3.1D/V5-His-TOPO vector and then boosted twice with aP to
determine the impact of a single priming dose of the oral or IM DNA vaccine. Groups

6 and 7 were given the respective placebo and DTaP controls.

2.15.3.1 Culture of S. typhimurium Vaccine Strains for Oral Delivery

Preparation of the recombinant S. typhimurium suspensions required the generation of
growth curves for each strain based on the Miles and Misra technique (Miles & Misra
1938). Briefly, an overnight primary culture was diluted 1:200 into 50ml of LB broth
(with ampicillin) and incubated at 37°C and 200rpm. Serial ten-fold dilutions were
prepared from 1ml samples taken at various ODgg readings from 0.2 and above.
Triplicate 50ul drops from the 10~ to 10™ dilutions were spotted on a divided LB plate
(with ampicillin) and incubated overnight at 37°C. An average CFU/ml from each
ODgoo reading was calculated from the triplicate counts of the appropriate dilution.
Growth curves of each SL3261 vaccine strain are shown in Appendix D. To ensure
optimum cell viability, each oral vaccine dose was prepared from fresh cultures. Each
recombinant strain of S. fyphimurium SL3261 was plated on LB agar (with ampicillin)
from glycerol stocks and incubated overnight at 37°C. For each strain, an 8ml primary
culture of LB broth (with 100pg/ml ampicillin) was inoculated with an isolated colony
and incubated overnight at 37°C and 200rpm. A 250ml secondary culture was then
inoculated with a 1:100 dilution of the primary culture and incubated at 37°C and
200rpm until the target ODgo9 was reached (varied for each strain as determined from
the growth curves). The required volume of culture was centrifuged at 2500xg for 10

minutes and the pellets were gently resuspended in 3% NaHCO; in PBS.
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2.15.3.2 Preparation of aP (In-house Pertussis Acellular Vaccine)

For each dose, Sug of Pertussis toxoid (Section 2.15.3.3) was combined with Sug of
FHA (Siekaguku) and 1.6pug of rPRN (Section 5.2.3) in 0.1ml of DTaP suspension
buffer (SUV buffer) for an equivalent 0.2 standard human dose (SHD). For
consistency, the SUV buffer was saline with 5mg/ml 2-Phenoxyethanol as a

preservative and 1mg/ml AIOH; as an adjuvant.

2.15.3.3 Chemical Inactivation of Pertussis Toxin

For the preparation of the custom subunit vaccine, 600pg of PTX (Siekaguku) was
chemically inactivated with 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDAC)
according to the method of Christodoulides, Parton & Stewart (1989). Briefly, to obtain
the recommended 80:1 EDAC to PTX ratio, PTX and EDAC were resuspended to
50ug/ml and 4mg/ml respectively in protein suspension (PS) buffer. The suspension
was incubated at 37°C for 24 hours and then dialysed against PS buffer using a
vivaspin20 column (Vivaflow), to remove the EDAC. Details of the dialysis procedure
are described in Appendix B. The integrity and concentration of the toxoid preparation

was confirmed by PAGE and the modified Bradford assay.

2.15.4 Aerosol Challenge

In both DNA vaccine trials 12 of 17 mice per group were challenged with a pre-
determined sub-lethal infectious dose (SLID) of virulent Tohama I two weeks after the
final booster dose (Chapter 3). Details relating to the SLID and induction of Tohama I

virulence via repeated passage through mice are described in Section 3.2.2.

2.15.4.1 Preparation of Bordetella pertussis for Aerosol Challenge

A BG plate was inoculated with passaged Tohama I (from glycerol stocks) and
incubated for 3 to 4 days at 37°C to obtain isolated colonies. Ten ml of MSS broth was
inoculated with 4 to 6 individual colonies and incubated at 37°C and 150 rpm for 48
hours. The primary culture was diluted 1:150 into 500ml of MSS and incubated under
the same conditions until the ODg,s reached 0.5. Based on a pre-determined growth
curve of Tohama I in MSS (ODsas of 0.5 = 1.17x10° CFU/ml), an appropriate amount
of culture was pelleted at 2500xg for 10 minutes to obtain a pellet of 5x10'' CFU. The
pellet was gently resuspended in 50ml of 1% casein for a final concentration of 1x10'°

CFU/ml.
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Table 2.13: Outline of Second DNA Vaccine Trial.
Group Dose Route Mice Dosage/Comments
SL3261 - pcDNA3.1 vector 3xOral 5 1x10° CFU/dose as a negative control
1 SL3261 - pcDNA3.1 vector 3xOral + . for group 2
+ Challenge SLID
Combination SL3261 DNA
3xOral 5
Vaccine Five different SL3261 transformants
2 Combination SL3261 DNA at 2x10° CFU each for total of 1x10°
3xOral +
Vaccine 12 CFU/dose.
SLID
+ Challenge
Parenteral Dual Modality: IM DNA prime followed by boosting
1xIM prime,
M Combination DNA with two doses of an in-house subunit
2xSC boost 5
Vaccine prime and vaccine to determine whether a
3 2 x aP boosters dichotomous ~ Th1/Th2  systemic
™M Combination DNA response could be induced and the
1XIM prime, .
Vaccine prime and potential for enhanced clearance of
2xSC boost+ 12
2 x aP boosters SLID compared to purely Th2
SLID
+ Challenge response to DTaP.
Oral Dual Modality: Oral DNA prime followed by
Oral  Combination =~ DNA | 1xOral prime, s boosting with two doses of an in-
Vaccine primer and 2xSC boost house subunit vaccine to determine
2 x aP boosters whether a mucosal antibody response
4 could be induced in conjunction with
Oral  Combination =~ DNA o
1xOral prime, a potent systemic immune response
Vaccine primer and .
2xSC boost + 12 and the potential for enhanced
2 x aP boosters
SLID clearance of SLID compared to DTaP.
+ Challenge
Vector Dual Modality:
1XIM prime
IM Vector primer and 5
2xSC boost
2 x aP boosters
5 Control for groups 3 and 4.
IM Vector primer and
3xSC +
2 x aP boosters 12
SLID
+ Challenge
1xOral,
Placebo 1xIM, 5
1xSC
6 1xOral, Negative control
Placebo 1xIM, .
+ Challenge 1xSC+
SLID
DTaP (Infanrix™) 3xSC 5
0.2 SHD as positive control
7 DTaP (Infanrix™) 3xSC + .
+ Challenge SLID
Total 119

Key:  SLID - Sub-lethal Infectious dose.

0.2 SHD - 20% of the standard human dose.
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2.15.4.2 Exposure of Mice to B. pertussis Tohama I Aerosols

Prior to challenge, the chamber and restraints (Sections 3.2.1) were sterilised by UV
exposure for 30 minutes, followed by a 70% ethanol rinse. The 12 mice per group were
challenged simultaneously. Mice were placed in the restraints and inserted into the
ports of the chamber. The six nebulisers were filled with 8ml of the challenge
preparation. The chamber was activated and run for 10 minutes, which was deemed to
be the exposure time required for a SLID of 5x10° CFU/mouse lung (see Section 3.3.2).
Acrosols were allowed to settle for 20 minutes, after which time mice were removed

from the restraints and returned to cages.

2.15.5 Sampling

For both DNA vaccination experiments, blood samples and spleens were collected from
5 mice per group two weeks after the final booster dose. For the remaining 12
challenged mice, blood and lungs were collected at three distinct time points after
exposure to the SLID. Four mice were sacrificed at days 4, 7 and 14 for the
determination of bacterial counts in the lungs. The only variation between the sampling
procedures of the first and second DNA vaccine trials was the additional removal of
BAL fluid from the mice in the second in vivo experiment, due to the mucosal delivery

of certain vaccines.

2.15.5.1 Serum

Prior to removal of blood and organs, mice were anaesthetised with an intraperitoneal
(IP) injection of ketamine and xylazine (Section 2.15.2.2). Sedated mice were
exsanguinated via cardiac puncture using a 26-guage needle attached to a 1ml syringe.
Following collection, serum was separated in a paediatric serum collection tube
(Starstedt). Briefly, blood was transferred into individual tubes, mixed by inversion,
and incubated at 4°C for 1-2 hours to allow for clotting. Tubes were centrifuged for 2
minutes at 6,100xg and the serum aspirated from the gel interface. Aliquots were stored

at -20°C until required.
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2.15.5.2 Lung Washing for Collection of BAL Fluid

Bronchoalveolar lavage (BAL) fluid was collected by pertracheal cannulation as
described elsewhere (Guzman et al. 1991; Dalla Pozza et al. 1998).  After
exsanguination, a ventral incision was made to expose the thorax and throat.
Connective tissue was cleared from around the trachea and a catheter was inserted
approximately 10mm. Lungs and bronchi were gently washed with 0.7ml of chilled
1xPBS supplemented with a protease-inhibitor cocktail (Roche). Lung washes were
centrifuged at 3000xg for 5 minutes to remove particulate matter, with the supernatants
stored at -20°C until assayed for the presence of antigen-specific IgA and IgG by
ELISA.

2.16 Immunological Determinations

2.16.1 Stimulation of Splenocytes Cultured in vitro

Immediately following cervical cordotomy, spleens from each mouse per group were
dissected and pooled in ice-cold 5ml of Dulbecco’s Modified Eagle Media for
splenocytes (sDMEM) without foetal bovine serum (FBS). Tissue was ground through
a 70uM cell strainer (BectonDickinson) into a 50ml tube with a final rinse with 3ml of
sDMEM without FBS. Cells were pelleted for 10 minutes at 1000xg and the
supernatant was decanted. Although red blood cells can be removed at this point by
centrifugation using a Ficoll gradient, this step was not performed in an effort to ensure
maximal viability of the splenocytes. The cell pellet was thoroughly resuspended in
10ml sDMEM without FBS and a 10pl aliquot taken for counting with a
haemocytometer in which splencyte viability was checked by staining with trypan blue
(Section 2.2.1). After a further 10 minute centrifugation at 1000xg the pellet was
resuspended with sDMEM to a concentration of 1x10’ splenocytes/ml. One ml of
complete SDMEM (with 10% FBS) was added to the required number of wells of a 24
well tissue culture plate (TPP), followed by 1 ml of the cell suspension for a final
concentration of 5x10° splenocytes/well. The cells were incubated at 37°C with 5%
CO, after selected pertussis antigens and mitogens were added into duplicate wells
(Table 2.14). The supernatants were removed after 24 hours incubation for quantitation
of IL-2 production and after 72 hours for the measurement of I[FN-y and IL-4 production
(Mills et al. 1993). Splenocyte supernatants were stored in aliquots at -20°C or -70°C

until required.
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2.16.1.1 Preparation of Splenocyte Stimulants

For the preparation of a heat-killed B. pertussis (HKBP) lysate, 200ml of MSS was
inoculated with 2ml of an overnight primary culture of Tohama I and incubated until the
ODgs reached 0.5 (~ 1.17x10° cells/ml as previously determined from Tohama I growth
curve). The cells were centrifuged at 2500xg for 10 minutes and the pellet resuspended
in 1XPBS. Cells were heated to 56°C for 30 minutes with occasional stirring, pelleted at
4000xg for 60 minutes (4°C) and resuspended in 200ml of 1xPBS. The suspension was
sonicated for 5 cycles of 30 seconds on/60 seconds off at 60% duty and stored at -20°C
and then the total protein concentration was estimated using the modified Bradford
assay described in Section 2.12.4. The HKBP lysate was added to the respective wells

at a concentration of 5pg/ml.

To prepare the formalin-fixed S. typhimurium (FFST), 20ml of LB was inoculated with
a single colony of SL3261 and incubated until the ODggo reached 0.5 ( ~ 4x 10® cells/ml
as determined from the SL.3261 growth curve, Appendix B). Formaldehyde was added
to the culture at a concentration of 1% and incubated at 37°C for 4 hours. The
suspension was centrifuged at 2000xg for 10 minutes and the pellet resuspended in
20ml of bicarbonate buffer. The suspension was sonicated for 5 cycles of 30 seconds
on/60 seconds off at 60% duty and then the total protein concentration was estimated
(as described in Section 2.12.4). The FFST lysate was again added to the respective

wells at a concentration of Spug/ml.

For the remaining wells, DTaP or purified recombinant protein were added at a high
dose of Sug/ml or a low dose of 1ug/ml. A 0.5ml dose of DTaP contained 25ug of
Pertussis toxoid, 25ug of FHA and 8pg of pertactin. Hence for stimulation with DTaP,
Sug of Pertussis toxoid, Spg of FHA and 1.6ug of pertactin were used by adding 100ul
of the Infanrix™ preparation to the well. As DTaP contains alum, a control well was
included in which splenocytes were treated with SUV buffer (10mg/ml 2-
phenoxyethanol, 2mg/ml AIOH; in saline) to: (i) assess whether there was an adverse
effect on the viability of splenocytes; and (ii)) be a blank for DTaP-stimulated
splenocytes. There was no observable loss in cell viability between splenocyes treated
with alum-containing SUV buffer and untreated splenocytes. The T cell mitogen
concanavalinA (conA) was added at 2.5ug/ml as a positive control, and 100ul of

denaturing protein (DP) buffer was added to splenocytes as a negative control well.
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Table 2.14: Stimulants Used for Each Pooled Splenoc