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A BSTRACT
Infectious and allergic diseases of the respiratory tract are major contributors to global
mortality, morbidity and economic burden. Bacterial infections such as pneumonia and
otitis media are important diseases, especially in children, while allergic diseases such as
asthma and allergic rhinitis afflict up to 30 % of the world’s population. A confounding
aspect of respiratory disease is the evidence of a complex relationship between respiratory
allergy and respiratory infection, with infection suggested to both promote and prevent
the pathogenesis of allergic disease. Additionally, allergy is a risk factor for bacterial
infection such as otitis media, pneumonia and sinusitis, while respiratory infection can
exacerbate allergic symptoms.
Given the burden of bacterial respiratory disease and respiratory allergy, the development of preventative treatments for these diseases is needed and will benefit from clearer
knowledge of the underlying immune mechanisms. This thesis aimed to to extend current
knowledge by using Pasteurella pneumotropica, a similar bacteria to the human pathogen
nontypeable Haemophilus influenzae (NTHi), to study respiratory infection and protective anti-outer membrane protein (OMP) immunity as well as the interaction of respiratory
infection and allergic inflammation.
Homologues of the important NTHi vaccine candidates P4, P6, P26 and D15 were found
to be encoded by P. pneumotropica and a high level of amino acid sequence identity was
noted between the different P. pneumotropica strains, as well as between other Pasteurellaceae members. The deduced P. pneumotropica P4, P6, P26 and D15 OMPs exhibited
84 %, 89 %, 79 % and 80 % amino acid identity to their NTHi counterparts respectively,
and 60 %, 80 %, 54 % and 63 % identity to homologous OMPs of Pasteurella multocida.
This high level of sequence identity supported the importance of these OMPs as vaccine
candidates.
The protective capacity of recombinant OMPs was then assessed in a P. pneumotropica
infection model. Both intranasal and intraperitoneal routes of immunisation were examined in mice that were intranasally inoculated with ~5 × 107 cfu to induce pulmonary
and nasopharyngeal infection. It was found that intranasal histidine-tagged P6 (P6his)
afforded the greatest protection to immunised mice by reducing pulmonary bacterial load
by 50-fold. Intranasal P4his was also protective and reduced pulmonary bacterial load by
10-fold. In contrast, intranasally administered recombinant P26 and a truncated D15 were
not protective, nor were antigens administered via the intraperitoneal route, despite the induction of vaccine-specific antibodies. The success of intranasal vaccination illustrated
the importance of inducing mucosal immunity in protecting against P. pneumotropica,
and reaffirms the importance of P6 and P4 antigens as vaccine candidates.
5

Further examination of the mechanism of P6his-mediated protection determined that vaccination induced serum and mucosal antibodies, and IL-10, IL-17, IL-21 and IFN-γ in
bronchoalveolar lavage fluids (BALF), and significantly enhanced neutrophil infiltration
to the lungs. Furthermore, CD4+ T cells transferred from P6his-immunised mice conferred protection to naïve recipients. In contrast, anti-P6his serum antibodies transferred
to naïve mice did not confer protection. These results suggested that T-cell–mediated
mechanisms were involved in P6his-mediated protection, and showed that the P. pneumotropcia model was useful for elucidating protective mechansims.
The interaction of P. pneumotropica infection and papain-induced allergy was studied to
investigate immune mechanisms underlying respiratory infection and allergy. Mice with
ongoing allergic inflammation were intranasally challenged with bacteria and exhibited
reduced pulmonary bacterial numbers, prolonged eosinophilia in the lungs and the induction of Th2 cytokines in the BALF, compared to nonallergic, infected mice. This
suggested a protective role for allergic inflammation in this model. The effect of papaininduced inflammation on mice colonised by P. pneumotropica was also examined and
allergic inflammation appeared to worsen infection in colonised mice. This suggested
that allergic inflammation may also have a role in promoting infection in this model.
In conclusion, this thesis explored mechanisms involved in vaccine-mediated immunity
and the interaction of respiratory infection and allergy using a P. pneumotropica infection
in its natural host. It was shown that intranasally administered recombinant P6 and P4
protected mice from lung infection, which justifies the inclusion of these OMPs as NTHi
vaccine candidates. Additionally, it was demonstrated that the interaction of allergy and
respiratory infection modulated immune responses. Overall, these results emphasize that
a clearer understanding of the complex mechanisms underlying these interactions is required, and may be aided by the development of suitable animal models.

6

A BBREVIATIONS
AHR

airway hyperresponsiveness

BALF

bronchoalveolar lavage fluid

BCG

Bacillus Calmette-Guérin

bp

base pair

cfu

colony forming units

COPD

chronic obstructive pulmonary disease

CpG

cyosine-guanidine dinucleotide

cpm

counts per minute

DELFIA

dissociation-enhanced lanthanide fluorescent immunossay

DTP

diphtheria-pertussis-tetanus

GST

glutathione S-transferase

his

histidine

ICAM-1

intracellular adhesion molecule-1

IFN

interferon

Ig

immunoglobulin

IL

interleukin

kb

kilobase

kDa

kilodalton

LCMV

lymphocytic choriomeningitis virus

LDLN

lung-draining lymph node

LPS

lipopolysaccharide

MISA

Montanide® incomplete SEPPIC adjuvant

NK

natural killer

NTHi

nontypeable Haemophilis influenzae

ODN

oligodeoxynucleotide

OMP

outer membrane protein

ON

overnight

OVA

egg ovalbumin

PAMP

pathogen-associated molecular pattern

PCR

polymerase chain reaction

PRR

pathogen recognition receptor

Psp

pneumococcal surface protein

rpm

revolutions per minute

RSV

respiratory syncytial virus

RT

room temperture

SARS

severe acute respiratory syndrome

SEM

standard error of mean

TGF

transforming growth factor

Th

T helper

TLR

Toll-like receptor

TNF

tumour necrosis factor

T reg

regulatory T cell

Usp

ubiquitous surface protein
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C HAPTER 1.
L ITERATURE R EVIEW

C HAPTER 1

1.1 Introduction
The respiratory tract is a complex organ encompassing the upper and lower regions of the
lungs, nasal passages, sinuses and middle ear. Disease of the respiratory tract includes
both acute and chronic disorders of which respiratory infection and respiratory allergy are
two common afflictions.
Respiratory disease resulting from bacterial infection is a major cause of worldwide morbidity and mortality and places a significant burden on health care costs and provision
in both developed and developing countries (Foxwell et al., 2003). The pathogenesis of
respiratory infection is multifactorial, and a myriad of environmental and host factors,
such as poverty, age and comorbid disorders, all contribute to disease susceptibility. On a
global scale, acute respiratory infections, including pneumonia and acute exacerbations of
chronic bronchitis, have been identified as the leading cause of death by infectious causes
(World Health Organisation, 2005). Children under the age of five are at greatest risk of
mortality from respiratory infection with two million deaths reported in this age group in
2000 (Williams et al., 2002; Foxwell et al., 2003). In developing countries, the burden of
respiratory infection is believed to be at least 10 times greater than developed countries
(World Health Organisation, 2005). These trends are mirrored in Australia, with acute
respiratory infections being the leading cause of death from infectious disease in 2004
(Australian Institute for Health and Welfare, 2006).
The impact that respiratory infection has on global health care costs is great. In the United
Kingdom, pneumonia is estimated to cost in excess of £400 million annually (Lode, 2007)
while in the United States, approximately US$13.2 billion per annum is spent on lower
respiratory tract infections (Niederman et al., 1998; Niederman et al., 1999). Even respiratory infections with relatively low mortality rates, such as otitis media and sinusitis,
place a large strain on the economy and health care provision due to medication costs,
medical practitioner visits, absenteeism, and other indirect costs of medical care. For example, the direct cost of otitis media in the United States is estimated to be as high as
US$4 billion per annum while sinusitis costs are estimated at US$1.8 billion (Pichichero
and Brixner, 2006). While the advent of antibiotic treatment has helped reduce mortality
rates over the past decade (Foxwell et al., 2003), the over-prescription and misuse of antibiotics has led to an increase in antibiotic resistant strains, which may contribute to the
disease resurgence currently observed (Foxwell et al., 2003; El Sayed et al., in press).
Other respiratory diseases including allergies and chronic obstructive pulmonary disease
(COPD) also impact greatly on global health. For example, asthma affects an estimated
300 million people globally (The Lancet, 2006) while COPD is the fifth greatest cause of
mortality and morbidity (World Health Organisation, 2004).
The interaction and association between different respiratory diseases is an important yet
confounded issue. For example, patients with asthma (Juhn et al., 2008) and COPD (Sethi
and Murphy, 2001) appear to be at greater risk of respiratory infection compared to the
23
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general population. There is also evidence suggesting that certain respiratory infections
are involved in the promotion and/or prevention of allergic disease (Beisswenger and Bals,
2008). Hence, research on the association between respiratory infection and other respiratory diseases such as allergy are likely to help identify new preventative or prophylactic
strategies.
Clearly, measures to reduce the incidence of disease caused by respiratory bacteria will
reduce the associated morbidity and mortality. Thus, the development of vaccines to curb
respiratory disease is required. To achieve this end, it is paramount to obtain a clearer
understanding of the factors involved in protective immunity. Hence, developing appropriate models of infectious disease to study immunity and vaccines, and determining the
interaction of infection with potentially confounding comorbid diseases, such as respiratory allergy and asthma, will benefit our understanding. This thesis aims to evaluate
the usefulness and insights gained from studying the intranasal infection of the pathogen
Pasteurella pneumotropica in a respiratory infection murine model for testing the efficacy
of vaccine candidates and for studying the relationship between respiratory infection and
respiratory allergy.

1.2 Bacteria and respiratory infection
Respiratory infections encompass diseases including pneumonia, tuberculosis, otitis media, whooping cough, diphtheria, bronchitis and sinusitis. Worldwide, the majority
of bacterial respiratory infections are caused by seven pathogens, namely nontypeable
Haemophilus influenzae (NTHi), Streptococcus pneumoniae, Moraxella catarrhalis,
Pseudomonas aeruginosa, Mycobacterium tuberculosis, Corynebacterium diphtheriae
and Bordatella pertussis (Foxwell et al., 2003). Three of these seven pathogens, NTHi,
S. pneumoniae and M. cattarhalis, usually colonise the respiratory tract in a state of commensalism since they are commonly carried asymptomatically in the nasophayrynx of
children and adults. Diseases caused by these commensal bacteria occur when the hostcommensal balance is disturbed, such as during acute viral infection or in individuals that
are more susceptible to disease due to host and environmental factors such as age, immune status, concomitant disease and socio-economic factors, to name a few (Foxwell et
al., 2003). NTHi, S. pneumoniae and M. catarrhalis are common causes of pneumonia,
otitis media, sinusitis and conjunctivitis, and have been implicated in exacerbations of
chronic lung disease, such as COPD, as well as an increased risk of respiratory allergy.
Overall, these pathogens impact significantly on global mortality, morbidity, and health
care provision, and the control of these pathogens is hampered by increasing antibiotic
resistance (Alpulche et al., 2007).
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1.2.1 Importance of bacterial colonisation of the respiratory tract
Colonisation of the respiratory surface is a crucial factor in respiratory infection with bacteria because it preceeds respiratory disease and is the source of the spread of pathogens
to other individuals (García-Rodríguez and Fresnadillo Martinez, 2002; Bogaert et al.,
2004). Common colonising bacteria such as NTHi, S. pneumoniae and M. catarrhalis
can be present in the nasopharynx in the absence of symptoms. However, respiratory
disease can result when these bacteria infiltrate normally sterile sites, such as the lower
airways, sinuses or middle ear (Faden et al., 1997; Bogaert et al., 2004). Bacteria that
colonise the nasopharynx can create a reservoir of potential pathogens which can then be
continuously and easily spread between individuals via nasopharyngeal secretions (Rotimi and Duerden, 1981; García-Rodríguez and Fresnadillo Martinez, 2002).
The development of subsequent respiratory disease by colonising pathogens is dependent on the frequency and density of the colonising bacteria. A good example of this are
children who experience recurrent episodes of otitis media, or middle ear inflammation.
Otitis-prone children are more frequently colonised with the potential bacterial pathogens
NTHi, S. pneumoniae and M. catarrhalis, compared to nonotitis-prone children (Faden
et al., 1991; Faden et al., 1997). Additionally, in children experiencing an otitis media
episode, the density of NTHi in the nasopharynx normally amounts to more than 50 %
of the total colonising bacteria. This is in contrast to healthy children who have much
lower proportions of NTHi in the nasopharynx and instead have increased numbers of
commensal viridans streptococci (Bernstein et al., 1993). The frequency and density of
colonising bacteria is affected by a range of host, pathogen and environmental factors
including impaired immune responses, age, socio-economic status, concomitant disease
such as allergy and COPD, viral respiratory infection, immunisation, antibiotic treatment
and exposure to environmental toxins (Principi et al., 1999; García-Rodríguez and Fresnadillo Martinez, 2002; Foxwell et al., 2003). Some of these factors will be discussed in
greater detail later.

1.2.2 Colonising respiratory pathogens
NTHi are nonencapsulated, Gram-negative, human-restricted bacteria of the family Pasteurellaceae and are mainly associated with non-invasive respiratory diseases such as
pneumonia, otitis media, sinusitis and conjunctivitis (Foxwell et al., 1998). NTHi accounts for between 20 to 30 % of bacterial otitis media episodes, up to 40 % of recurrent
otitis media, and 10 to 30 % of pneumonia cases in children (Klein, 1994; Rudan et al.,
2008). In patients with COPD and chronic bronchitis, NTHi is commonly a persistent
coloniser of the airways and responsible for exacerbation of disease (Patel et al., 2002;
Murphy et al., 2004; Tumkaya et al., 2007). Although invasive infection caused by NTHi
is relatively rare, it is nevertheless an increasing cause of bacterial meningitis (O’Neill
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et al., 2003). NTHi is commonly found in normal nasopharyngeal flora, and can be harboured asymptomatically with new strains of NTHi being acquired every few months.
The pathogenicity of this organism and its increasing resistance to antibiotics has fueled
the need for a vaccine. Unlike the encapsulated H. influenzae type b, for which a highly
successful vaccine exists, there is currently no vaccine to protect against NTHi infection.
Studies in whole cell NTHi vaccines have had limited success in eliciting heterologous
protection, however, other potentially useful vaccine candidates have been identified, including a number of highly conserved proteins present on the outer membrane of the
NTHi bacterial surface (Cripps et al., 2002; Arandjus et al., 2006; Foxwell et al., 2006).
While many animal models of NTHi infection exist and have aided in our understanding
NTHi pathogenesis, the usefulness of these models is limited by the strict human specificity of this pathogen and the rapid clearance of the organism in model systems (Foxwell
et al., 1998). In light of this, alternative models may be helpful.
S. pneumoniae is a Gram-positive organism and a common asymptomatic coloniser of
the human nasopharynx. This pathogen is responsible for both invasive and non-invasive
respiratory infection in humans such as septicaemia, otitis media and sinusitis, and is considered the most common bacterial cause of pneumonia, and accounts for between 17 to
44 % of pneumonia hospitalisations in children (Michelow et al., 2004; Zhou et al., 2007).
The resistance of this pathogen to antimicrobials is a serious issue with around a third of
S. pneumoniae strains worldwide resistant to multiple antibacterials (Felmingham et al.,
2007). The introduction of the heptavalent pneumococcal polysaccharide conjugate vaccine in developed countries has seen a drop in the colonisation and incidence of disease
caused by vaccine strains (Block et al., 2004; Casey and Pichichero, 2004). However,
as over 90 S. pneumoniae serotypes have been identified, one issue concerning this vaccine has been the increase in disease caused by pneumococcal serotypes not covered by
the vaccine. Additionally, an increase in disease caused by other pathogenic, colonising bacteria such as NTHi and M. catarrhalis has been observed (Ghaffar et al., 2004).
Other vaccine candidates for S. pneumoniae have been touted including the immunogenic
pneumococcal surface protein (Psp) A (Briles et al., 2000b).
Moraxella catarrhalis is a Gram-negative pathogen associated with otitis media, and
exacerbations of COPD and it is the third leading cause of bacterial otitis media behind S. pneumoniae and NTHi (Murphy et al., 2005). Similarly to NTHi and S. pneumoniae, the increasing incidence of antibiotic-resistant strains of ampicillin-resistant
M. catarrhalis, due to β -lactamase production, poses an emerging problem. The first
documented study of β -lactamase prevalence in M. catarrhalis in Sweden in the 1970’s
showed a prevalence rate of 3.8 % (Malmwall et al., 1977). A more recent UK study
in 2007 indicated a drastically increased prevalence rate in excess of 91 % (Morrissey et
al., 2008). While no vaccine to prevent M. catarrhalis currently exists, researchers have
identified potential vaccine candidates such as the ubiquitous surface proteins (Usp) and
CD protein (McMichael et al., 1998; Murphy et al., 1998; McMichael et al., 2003).
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1.2.3 Common bacterial respiratory infections
1.2.3.1 Pneumonia
Pneumonia is characterised by inflamed and congested alveolar air-spaces leading to impaired oxygen exchange, fluid build-up in the lungs, cough and difficulty in breathing.
It remains one of the major causes of death from respiratory infection despite antibiotic
treatment and advances in medicine over the last 20 years. Pneumonia is particularly
important in the very young, the elderly and patients with underlying chronic disease
such as asthma, COPD, human immunodeficiency virus, heart disease and diabetes (VilaCorcoles et al., 2008). Globally, bacterial pneumonia is the leading cause of death in
children under the age of five (Bryce et al., 2005; Rudan et al., 2008) while in adults, approximately 20 % of community-acquired pneumonia patients require hospital admission
and of the hospitalised cases, between 12 to 36 % result in mortality (Garau and Calbo,
2008). In many cases, the resolution of symptoms can take up to three months even in
the wake of antibiotic treatment. Pneumonia exacts a telling burden on health care and
is believed to cost between AUD$300 to 350 million per annum in Australia while in the
United States, costs range between US$3.6 to 4.6 billion (Niederman et al., 1998). In
Australia, pneumonia is one of the 10 leading causes of death and, in 2004, accounted
for over 15 % of the total number of deaths (Australian Institute for Health and Welfare,
2006). Bacterial, viral and parasitic pathogens are all causes of pneumonia, although the
more severe cases are caused by bacteria, in particular H. influenzae and S. pneumoniae
(Nascimento-Carvalho, 2001; Scott et al., 2008).
The aetiological agents of bacterial pneumonia are varied but typical pathogens include
the Gram-negative H. influenzae, Klebsiella pneumoniae and Pseudomonas aeruginosa
and the Gram-positive S. pneumoniae (Koulenti and Rello, 2006; Rudan et al., 2008).
Globally, and especially in developing countries, H. influenzae and S. pneumoniae are
the leading bacterial causes of childhood pneumonia. For example, studies in Uganda
(Nantanda et al., 2008) and The Gambia (Forgie et al., 1991a; Forgie et al., 1991b) found
that H. influenzae and S. pneumoniae were the two most common pathogens isolated from
children with pneumonia. A Chinese study implicated H. influenzae in 17.6 % of fatal
pneumonia cases in children (Hu et al., 2008) while Shann and colleagues (1984) showed
that NTHi were the most common bacteria isolated from children with pneumonia in
Papua New Guinea.
1.2.3.2 Otitis media
Otitis media, or middle ear inflammation, refers to a continuum of related middle ear
diseases ranging from acute otitis media to chronic manifestations of disease, such as otitis media with effusion and chronic suppurative otitis media. It is a common affliction
that peaks in childhood (Teele et al., 1989) and is one of the most common reasons for
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prescribing antibiotics to children (Halasa et al., 2004; Plasschaert et al., 2006). NTHi,
S. pneumoniae and M. catarrhalis are common respiratory tract colonisers that are implicated in this disease with these bacteria found in 50 to 90 % of acute otitis media cases
(Yamanaka et al., 2008). Symptoms of acute and chronic otitis media range from short
term hearing impairment, ear discharge and discomfort, pain, fever, difficulties in speech
and learning, permanent hearing loss, facial paralysis, brain abscesses and occassionally,
death (Ciorba et al., 2007; Rovers, 2008). A subset of children who develop otitis media
are "otitis prone" and experience more than three episodes in six months (Yamanaka and
Faden, 1993). In addition, certain populations experience a earlier onset and a disproportionately high number of otitis media episodes compared to the other populations (Curns
et al., 2002).
Multiple host and environmental factors contribute to the onset of otitis media and recurrent otitis media including the presence of upper respiratory tract infections, impaired
immune responses, allergy and increased exposure to colonising bacteria (Rovers, 2008).
Viral upper respiratory infections may lead to congestion of the upper respiratory mucosa
and promote the translocation of bacterial colonisers from the nasopharynx to the eustachian tube leading to middle ear infection. Impaired immune responses are suggested
to play a role in recurrent otitis media. For example, otitis-prone children are thought to
be colonised by respiratory bacterial pathogens more often than nonotitis-prone children
(Bernstein et al., 1993) due to less efficient clearance of the colonising bacteria (Yokota
et al., 2007; Faden et al., 1991). Indeed, certain studies have shown that otitis-prone children lack the ability to develop useful responses against the pathogenic bacteria NTHi
or S. pneumoniae (Hotomi et al., 1999; Kodama et al., 1999; Dhooge et al., 2002). Allergy is also thought to effect the incidence of otitis media with evidence suggesting a
correlation between allergic rhinitis and comorbid otitis media (Derebery et al., 2008).
Socio-economic factors such as a lack of accessible treatment, overcrowded living conditions and poor sanitation practices are thought to contribute to the disproportionately
higher prevalence of otitis media in certain populations such as Aboriginal Australians
and North American Indians (Curns et al., 2002; Cripps et al., 2005). In these populations, up to three times as many children experience the disease with colonisation by
bacterial pathogens occuring much earlier compared to the general population (Leach et
al., 1994; Watson et al., 2006; Lehmann et al., 2008).

1.2.3.3 Sinusitis
Sinusitis is a common paediatric and adult disease (Brook, 2007) and is one of the most
common reasons for prescribing antibiotics (McCaig et al.,2002). Approximately one in
seven adults in the United States are affected with sinusitis and estimates of annual physician, procedural and antibiotic costs related to sinusitis amount to approximately US$5.3
billion while indirect costs such as child care and missed work days are thought to be at
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least US$1.6 billion annually (Ray et al., 1999). NTHi, S. pneumoniae and M. catarrhalis
are the predominant pathogens associated with bacterial sinusitis (Marchiso et al., 2007),
which can be present as an acute or chronic infection. Sinusitis is characterised by inflammation of the mucosal lining of the paranasal sinuses and symptoms include nasal
congestion, facial pain, rhinorrhea, fever and purulent nasal discharge, depending on the
severity of disease. Bacterial sinusitis is an important risk factor in the development invasive disease such as bacterial meningitis, with Lesnakova et al. (2007) demonstrating
that sinusitis occured just prior to meningitis onset in 20 % of cases. Bacterial sinusitis
is typically initiated following a viral upper respiratory infection such as the common
cold (Brook, 2005). A sinus infection secondary to the viral infection can then result following the translocation of bacterial colonisers from the nasopharynx to the sinus cavity.
Recurrent and chronic sinusitis can also occur and is associated with predisposing factors
including respiratory allergy, anatomic anomalies or cystic fibrosis (Principi and Esposito,
2007).

1.2.3.4 Exacerbations of COPD and chronic bronchitis
Together with pneumonia, acute exacerbation of chronic bronchitis and COPD are responsible for the greatest cause of death from infectious disease worldwide (Canton et
al., 2006). Chronic bronchitis is characterised by lung mucus production over a period
of at least three months. In a subset of patients, this can progress to COPD which is
an irreversible obstruction of the airways (Hogg and Timens, 2009). Both COPD and
chronic bronchitis symptoms are caused by inflammation due to innate and adaptive immune responses to inhaled toxic particles and gases, in particular cigarette smoke (Hogg
and Timens, 2009). The exacerbation of COPD symptoms is commonly caused by respiratory bacteria such as NTHi and S. pneumoniae and in severe cases can cause respiratory
failure and death (Sethi and Murphy, 2001).
In contrast to the normally sterile lower airways of healthy individuals, it has been observed that the lower airways of individuals with COPD can be persistently colonised
with potential pathogens such as NTHi even in stable periods of the disease (Les and McNaught, 1959; Murphy et al., 2004). Patel and colleagues (2002) observed that potentially
pathogenic bacteria were isolated in 51.7 % of the COPD subjects studied while Sethi and
others (2006) demonstrated that a greater number of COPD patients (34.6 %) harboured
these potential pathogens compared to non-COPD subjects (0-6.7 %). Several studies
suggest that this colonisation may be the inflammatory stimulus involved in exacerbating
the disease. For example, Sethi et al. (2006) showed that in COPD subjects persistently
colonised with potentially pathogenic bacteria, the levels of proinflammatory mediators
such as neutrophils, interleukin (IL)-8, active matrix metalloproteinase-9 and endotoxin
in the bronchoalveolar lavage fluid were significantly greater than in non-COPD subjects.
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1.2.4 Host, pathogen and environmetal factors underlying colonisation
1.2.4.1 Impaired host immune responses
A few studies have observed important differences in the immune responses in individuals that experience recurrent or chronic infection compared with healthy individuals. For
example, Kodama and colleagues (1999) demonstrated an impaired cellular response in
children with recurrent otitis media. In that study, it was found that adenoidal lymphocytes from children with recurrent otitis media had significantly decreased proliferative
responses to the NTHi outer membrane antigen P6, compared to healthy children. Additionally, the investigators found that antibody responses in the recurrent otitis media
group were reduced compared to nonotitis controls. In another study, researchers found
that the levels of antibody to the P6 protein of NTHi, and to the PspA of S. pneumoniae,
were significantly higher in healthy children compared to otitis-prone children over 18
months of age, suggesting an impaired immune response in recurrent disease (Hotomi
et al., 1999). Impaired anti-capsular antibody responses are also implicated in recurrent
otitis media. In a study of children vaccinated with a pneumococcal 23-valent conjugate vaccine, otitis-prone children had significantly reduced anti-capsular IgA and IgG2
compared to nonotitis-prone children, although IgG1 levels were similar (Dhooge et al.,
2002).
Defective innate and adaptive immune response in recurrent infection is supported by evidence from patients with COPD. NTHi is more commonly isolated from COPD patients
(26 %) compared to healthy controls (0 %; Bandi et al., 2001) and recurrent or persistent lower respiratory tract infection, due to NTHi, may cause exacerbation of symptoms
(Sethi and Murphy, 2001; Murphy et al., 2004). Berenson et al. (2006) showed that COPD
macrophages had diminished inflammatory cytokine responses, such as IL-8, tumour
necrosis factor (TNF)-α and IL-1β , to NTHi P6 protein and lipooligosaccharide antigens, and exhibit a markedly decreased phagocytic capacity, compared to macrophages
from healthy subjects. This suggested that macrophages from COPD patients were less
efficient at clearing NTHi. Abe and colleagues (2002) demonstrated that lymphocytes
from patients with COPD exacerbation exhibited a diminished proliferative capacity in
response to the NTHi P6 protein. Additionally, Pang and coworkers (2009) found that in
a mouse model of COPD, the pulmonary clearance of NTHi was lower and the expression
of intracellular adhesion molecule-1 (ICAM-1) was delayed in COPD mice compared to
controls. The authors hypothesised that this delayed ICAM-1 expression could delay the
influx of neutrophils and enhance the adhesion of NTHi to epithelial cells, which could
lead to the persistence of NTHi in the lung.
In patients with bronchietasis, in whom recurrent NTHi infection is also important in exacerbation, King et al. (2003) observed a difference in the adaptive response compared
to healthy controls. The investigators found that bronchietasis subjects produced pronounced T helper type 2 (Th2) cytokine responses (IL-4 and IL-10) while control subjects
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produced a predominantly T helper type 1 (Th1) cytokine profile with increased IL-2 and
interferon (IFN)-γ. Additionally, immunoglobulin (Ig) subclass production was altered in
bronchietasis patients in whom higher levels of IgG1 and IgG3 were produced compared
to healthy controls.

1.2.4.2 Age
The foetal airways are normally sterile but soon after birth the neonatal airways become
colonised with both commensal organisms and potential pathogens (Rotimi and Duerden,
1981). Colonisation by potential respiratory pathogens peaks in childhood before gradually declining with age (Kadioglu et al., 2008; Cardozo et al., 2008). Thus, the rate
of bacterial colonisation is greater in children compared to adults. Indeed, one Swedish
study showed that the carriage rate of H. influenzae in preschool children was 13 % compared to the adult rate of 3 % (Gunnarsson et al., 1998). Similarly, another Swedish study
showed that the carriage rate of S. pneumoniae in two year olds was 50 % compared to the
adult rate of 3 % (Christenson et al., 1997). In addition to exhibiting a higher rate of bacterial carriage compared to adults, children are also more likely to acquire multiple strains
concurrently, with Kuklinska and colleagues (1984) showing that 80 % of children harboured multiple NTHi strains while adults only harboured a single strain. Furthermore,
there is evidence that the earlier colonisation occurs, the greater the risk of developing infectious respiratory disease. For example, Faden and co-workers (1997) noted that NTHi,
S. pneumoniae and M. catarrhalis colonisation of the nasopharynx at three months of
age or earlier resulted in an almost 2-fold increased risk of otitis media by six months
of age. This is also supported by studies in certain Australian Aboriginal populations in
which colonisation with potential otitis media pathogens can occur as early as eight days
of life, and approximately 91 % of these children exhibited symptoms of otitis media by
30 months of age (Morris et al., 2005).

1.2.4.3 Acute viral infection
Several studies have documented that acute viral respiratory infection is a risk factor
for colonisation and subsequent respiratory bacterial infection including otitis media and
sinusitis (Heikkinen and Chonmaitree, 2003; Revai et al., 2007). Syrjanen and others
(2001) showed that S. pneumoniae carriage was enhanced during viral infection such as
the common cold. Similarly, Hendley and colleagues (2005) observed an 11 % increase
in carriage of NTHi, S. pneumoniae and M. catarrhalis in children during times of respiratory illness compared to wellness. Oliver et al. (2008) demonstrated that rhinovirus
impaired the ability of human macrophages to phagocytose bacterial particles and also
increased the induction the inflammatory mediators IL-8 and TNF-α by macrophages.
However, other studies failed to find a similar connection with one Italian study observ31
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ing that the presence of previous upper respiratory infection did not affect the prevalence
of bacterial colonisation (Principi et al., 1999).

1.2.4.4 Allergic constitution
There is evidence of a positive association between allergy and respiratory bacterial infection with one Taiwanese study showing a significantly increased prevalence of infectious
respiratory disease, such as pneumonia, bronchitis, sinusitis, conjunctivitis and otitis media, in children with allergic disease symptoms (Chen et al., 2001). Alles and others
(2001) found that the incidence respiratory allergy was significantly greater in a cohort
of children with recurrent otitis media compared to the general population with incidence
rates of 89 % and 20 % respectively. Bentdal and coworkers (2007) indicated that single
and recurrent otitis media episodes in children were significantly associated with allergic
diseases such as asthma and allergic rhinoconjunctivitis. Similarly, St. Sauver et al. (2000)
found that allergic children were more than twice as likely to carry two or more strains
of NTHi, while Cardozo and colleagues (2008) showed that adolescents with a history
of asthma exhibited a higher incidence of pneumococcal colonisation. The risk of serious pneumococcal disease such a pneumonia is also enhanced in asthmatic patients with
studies in separate US populations indicating a greater than 2-fold risk compared to the
general population (Juhn et al., 2008; Talbot et al., 2005). Similarly, an Australian study
found that the incidence of childhood pneumonia was positively associated with the presence of asthma (MacIntyre et al., 2003). Sinusitis have also been linked with allergy with
37 % of children with sinusitis exhibiting positive skin-prick tests (Rachelefsky, 1989).
Additionally, sinusitis and asthma occur at a greater prevalence rate together than singularly (Jani and Hamilos, 2005). For example, the global prevalence rate of sinusitis
is approximately 10 to 20 % while the prevalence rate of sinusitis patients with asthma
is as high as 60 to 80 %. Sinusitis is also linked to frequent asthma exacerbations (ten
Brinke et al., 2005; Koga et al., 2006). Furthermore, in a study of allergy in sinusitis
patients, Emanuel and Shah (2000) found that 84 % of patients exhibited a positive skinprick test. While the mechanism underlying the association between allergy and bacterial
colonisation is unknown, one theory suggests that the allergic response disrupts normal
clearance of bacteria from the nasopahrynx, resulting in increased bacterial colonisation
(García-Rodríguez and Fresnadillo Martinez, 2002).

1.2.4.5 COPD
COPD symptoms are exacerbated by NTHi, S. pneumoniae, and M. catarrhalis infection
and it is known that the airways of COPD patients can be chronically colonised with these
pathogens, which potentially lead to a vicious cycle of inflammation and infection (Sethi
and Zalacain et al., 1999; Murphy, 2001). Indeed Patel and colleagues (2002) showed
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that chronic colonisation with these pathogens was associated with increased exacerbation
frequency.
1.2.4.6 Socio-economic status
Socio-economic influences such as housing conditions and access to healthcare also affect the prevalence of colonisation by S. pneumoniae, NTHi and M. catarrhalis. In certain Australian Aboriginal populations where over-crowding, poor sanitation and reduced
healthcare accessibility are prominent, bacterial colonisation and the onset of otitis media
occurs as early as two months of age compared to the general population average of 6 to
18 months of age (Leach et al., 1994).
1.2.4.7 Immunisation
The introduction of vaccines such as the pneumococcal conjugate vaccine and the H. influenzae type b conjugate vaccine in developed countries has greatly altered the dynamics
of colonisation by those pathogens. The H. influenzae type b conjugate vaccine has been
successful in reducing type b carriage and disease in nations where it is routinely administered (Morris et al., 2008). Following immunisation with the pneumococcal conjugate
vaccine, Ghaffar and coworkers (2004) found that immunisation resulted in a 2-fold decrease in colonisation by vaccine strains in vaccinees. In another study, it was found that
the presence of a vaccinated member in the household reduced the likelihood of carriage
of pneumococcal vaccine strains in both the vaccinated and unvaccinated members (Millar et al., 2008). In addition, pneumococcal conjugate vaccine has also led to an increase
in the rate of colonisation by nonvaccine serotypes (Ghaffar et al., 2004; Kellner et al.,
2008). Furthermore, Brook and Gober (2007) found an increase in colonisation by other
bacterial species such as H. influenzae in the five years following the introduction of the
pneumococcal conjugate vaccine.
1.2.4.8 Other environmental influences
Many other environmental factors are believed to influence bacterial colonisation including, and not limited to, exposure to cigarette smoke, exposure to other children, and recent antibiotic treatment (García-Rodríguez and Fresnadillo Martinez, 2002). Exposure to
cigarette smoke and other environmental pollution has been associated with an increased
risk of developing respiratory infection perhaps due to dysfunction in mucociliary clearance in response to the pollution and subsequent alteration of immune defences (Kum-Nji
et al., 2006). Young children attending day care centres or who are regularly exposed
to other children can acquire and exhibit greater carriage of potential pathogens, such as
NTHi and S. pneumoniae, compared to controls and hence, are at an increased risk of
developing respiratory infection such as otitis media (Peerbooms et al., 2002). The use
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of antimicrobials decreases the carriage of susceptible bacterial strains (Dabernat et al.,
1998; Cohen et al., 1999). However, after antimicrobial treatment has ceased, an increase
in colonisation by resistant strains that were not eliminated by antibiotics is common
(Varon et al., 2000).
1.2.4.9 Evasion of host immune responses by pathogens
Bacteria have developed a number of mechanisms to evade host responses. For example,
S. pneumoniae and H. influenzae can evade host IgA1, which makes up approximately
90 % of IgA produced in humans, by expressing IgA1 protease which cleaves IgA1 directed at the pathogen (Kilian et al., 1979). The cell surface protein, choline-binding
protein A of S. pneumoniae, helps evade IgA responses by binding to the secretory component of IgA and impairing its action (Hammerschmidt et al., 1997) while another protein, neuraminidase, alters the composition of mucus to allow greater bacterial adherence
and persistence in the airways (Tong et al., 2000). Biofilm or aggregation of bacteria may
be a mechanism that aids the survival of colonising NTHi in the nasopahrynx by blocking
antibody access to bacteria (Post, 2001). In addition, NTHi may survive intracellularly
in the host to avoid host responses (Forsgren et al., 1994; van Schilfgaarde et al., 1995).
In encapsulated pathogens, the capsule can inhibit opsonophagocytosis and can also help
the bacteria escape from mucus, an important mechanism in bacterial clearance (Nelson
et al., 2007).
1.2.4.10 Stimulation of inflammation by pathogens
Inflammation is an important part of the immune response as it helps contain the spread of
pathogenic organsism and facilitates their clearance. However, inflammation can also be
detrimental to the host. In particular, inflammation stimulated by colonising bacteria such
as NTHi can cause damage to epithelial cells and lead to the overproduction of mucus,
leading to an impairment of mucociliary clearance due to the induction of IL-8, IL-6,
TNF-α and neutrophils (St. Geme, 2000). Additionally, lipooligosaccharide and small
cytolasmic proteins have been suggested as inflammatory mediators of NTHi (Wang et
al., 2003).

1.2.5 Treatment and prevention of bacterial respiratory disease
Over the last few decades, a decrease in the mortality due to bacterial respiratory infections has been observed and can be explained by the development of antibiotics and
its widespread use. The caveat, however, has been the emergence of antibiotic resistant
strains of bacteria due to inappropriate antibiotic use which has hindered pathogen elimination and contributed to a recent resurgence in disease (Foxwell et al., 2003). Studies
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have found that previous antibiotic use increases the likelihood of future infection by
antibiotic-resistant pathogens (Klugman, 2007). Indeed, a high incidence of antibiotic
resistance has been noted in NTHi, S. pneumoniae, and M. catarrhalis, with multiple
antibiotic-resistant strains becoming increasingly common.
Penicillin-resistant S. pnuemoniae isolates in Eastern Europe, USA and Saudi Arabia are
as high as 7.8 %, 25 % and over 55 % respectively while for NTHi, ampicillin resistance
is common and accounts for 66 % of strains isolated in Japan (Alpuche et al., 2007).
Beta-lactamase production by NTHi accounts for a majority of ampicillin resistance and
has been observed in up to 25.6 % of isolates in Spain, 26.7 % in Africa and the Middle
East, 17.6 % in Europe, and 33.5 % in the USA (Alpuche et al., 2007; Jansen et al., 2006;
Doern et al., 1999). However, the prevalence of beta-lactamase-negative ampicillin resistant strains are on the rise and are as high as 37 % in Japan, 10.1 % in the USA, and
33.9 % in Europe (Jansen et al., 2006). Similarly, beta-lactamase–producing strains of M.
catarrhalis frequently approach 100 % of all isolates worldwide (Sulikowska et al., 2004;
Alpuche et al., 2007). In a Spanish study, ampicillin resistance amongst 2645 NTHi isolates was found to be 24 % (Perez-Trallero et al., 2005). In the same study, the authors
found that S. pneumoniae resistance to penicillin and erythromycin, out of the 2721 isolates tested, were 20 % and 35 % respectively. In another example, an otitis media study
by Block and colleagues (1995) found that highly resistant strains of S. pneumoniae were
becoming increasingly frequent pathogens. Those investigators found that S. pneumoniae
resistance rates to macrolides exceeded 35 % while resistance to penicillins could be as
high as 40 %.
Thus, a priority in infectious disease research is to develop alternate strategies to prevent
respiratory bacterial infections in order to control the increasing dependence on antibiotics
and to curb antibiotic resistance. These alternatives to antibiotics include vaccination and
probiotics (Cripps et al., 2005). An example of successful vaccination against a colonising
respiratory pathogen is the H. influenzae type b vaccine. Since routine vaccination was
implemented in certain countries, the incidence of colonisation and disease caused by this
pathogen has plummeted (Morris et al., 2008). Hence, developing vaccines against the
other important colonisers is a priority. The challenges facing vaccine development and
important considerations will be discussed in a later section.

1.3 Respiratory allergy
Worldwide, a vast number of people are affected by allergy, the most common being
food allergies and respiratory allergies such as asthma and allergic rhinitis. The prevalence of allergic disorders has increased dramatically over the past few decades and is
often attributed to the more urbanised lifestyle encountered in developed countries that is
characterised by improved sanitation and more time spent indoors (Stachan, 1989). En35

C HAPTER 1
vironmental factors are believed to have influenced this increase as it has been shown
that variations in the prevalence of atopy exist in genetically similar yet environmentally
distinct populations such as in East and West Germany (von Mutius et al., 1992). With
the increasing urbanisation of many nations on the rise, the incidence of allergic disorders is hypothesised to increase even further. In individuals who develop allergies, the
diseases commonly manifest following a characteristic evolution known as the "atopic
march" where the development of food and skin allergies occurs earlier in life before progressing to respiratory allergy, such as allergic rhinitis and asthma (Kjellman and Nilsson,
1998).
Underlying the incidence of allergic disease is atopy, which is the predisposition to produce specific IgE antibodies following exposure to otherwise innocuous or harmless environmental antigens known as allergens. Typically, atopic individuals develop allergic
sensitisation by exposure to allergens in early life. Following this, subsequent exposure
to the sensitising allergens results in allergic airway inflammation caused by aberrant immune responses. These immune responses are characterised by T lymphocyte, eosinophil
and IgE-mediated inflammation. While atopic sensitisation is generally accepted to facilitate allergic disease development, a number of atopic individuals never develop allergic
disease such as asthma (Simpson et al., 2001), implying that a complex interaction of
factors are involved in disease development.
Asthma and allergic rhinitis are common, respiratory-related manifestations of atopy and
both these diseases impact greatly on global health care costs and overall quality of life.
They are distinct yet related conditions that exhibit overlapping hallmark features. Indeed,
asthma and allergic rhinitis are common concomitant diseases, affirming the "united airways" concept of a link between the lower and upper airways (Bousquet et al., 2001).
Studies show that up to 78 % of asthmatic patients have allergic rhinitis while the risk of
developing asthma is three times higher in patients with allergic rhinitis (Settipane et al.,
1994; Casale and Dykewicz, 2004; Ciprandi and Passalacqua, 2008). Both asthma and
allergic rhinitis impact greatly on quality of life and can affect psychological, as well as
physical, well-being (Gupta et al., 2004; Nathan, 2007).

1.3.1 Asthma
Asthma is an inflammatory syndrome of the small airways of the lung and is characterised by reversible (either spontaneous or following bronchodilator treatment) airway
hyperresponsiveness (AHR), airflow obstruction, mucus production and airway remodelling, which results in symptoms such as wheezing, shortness of breath, cough, and chest
tightening. The symptoms of asthma range from mild, such as cough, to severe, such as
respiratory failure, and is a frequent cause of hospitalisation. Asthma occurs in all ages
but its incidence is higher in children (Rudd and Moorman, 2007).
The prevalence of asthma has drastically increased over the past few decades and, in many
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countries, its prevalence has increased by as much as 50 % (Beasley et al., 2000). In Australia, the prevalence of asthma between 1982 and 1992 increased from 5.6 % to 10.5 %,
while in England, the rate rose from 3.9 % to 6.1 % between 1966 and 1990 (Beasley et
al., 2000). Currently, approximately 11 % of the total Australian population have asthma
(Knox et al., 2008) and in the United States, the incidence of asthma in four to seven
year old children is between 20 to 30 % (Beasley, 2002). While asthma prevalence has
plateaued in many developed countries such as Australia (Toelle et al., 2004), Switzerland (Braun-Fahrlander et al., 2004) and Canada (von Hertzen and Haahtela, 2005), it is
increasing in developing countries as they become more urbanised (Braman, 2006). The
health care costs associated with asthma are high with AUD$ 606 million spent in 2004,
accounting for approximately 1.2 % of the total health care expenditure in Australia for
that year (Australian Institute for Health and Welfare, 2008).
Asthma is a multifactorial disease and although genetic factors are important in asthma
pathogenesis, environmental factors also play an important role. This is emphasised by
studies showing that developed countries have a more pronounced prevalence of asthma
compared to developing countries. Similarly, children raised in rural communities are
less likely to develop asthma compared to children in metropolitan areas, a trend that is
observed worldwide and includes countries such as Zimbabwe, China and Austria (Keely
et al., 1991; Riedler et al., 2000; Wong et al., 2001b). These environmental factors
include, but are not limited to, aeroallergen exposure, outdoor pollution and cigarette
smoke, respiratory infections and exposure to bacterial products. The exacerbation of the
asthmatic airways is also multifactorial and is commonly caused by allergen exposure,
respiratory infection, pollution and exercise (Lemankse and Busse, 2006).

1.3.2 Allergic rhinitis
Allergic rhinitis is localised in the upper respiratory mucosa and is characterised by itchy,
watery eyes, rhinorrhea, sneezing and nasal congestion (Mucha et al., 2003). It is one
of the most common chronic disorders worldwide and its prevalence has increased over
the last 50 years (Nathan, 2007). Allergic rhinitis affects up to 30 % of adults and up to
40 % of children (Broide et al., 2007). In Australia, a childhood allergy study observed
the prevalence of allergic rhinitis to be 38.4 % in a cohort of 1222 children (Toelle et al.,
2004). In terms of overall economic burden of illness, allergic rhinitis ranks fifth highest
against all chronic disease in the United States (Nathan, 2007). The severity of allergic
rhinitis symptoms can range from mild to severe where mild cases have little to no impact
on sleep or daily activities while in severe cases, symptoms greatly impact on quality of
life and can affect sleep quality, performance at work and school, and emotional health.
In as many as 50 % of allergic rhinitis patients, the symptoms persist for four months or
more. The toll of allergic rhinitis is also exacerbated by common comorbid diseases such
as sinusitis, otitits media and asthma.
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1.3.3 Allergen sensitisation in the pathogenesis of allergic disease
Allergen sensitisation is integral to the development of subsequent allergic inflammation.
Common sensitising aeroallergens implicated in asthma and allergic rhinitits include indoor and outdoor allergens such as house dust mite, cat and dog dander, pollens and
grasses. While the presence of allergic sensitisation does not guarantee the precipitation
of allergic airways disease, studies have shown that individuals sensitised to aeroallergens were at an increased risk of developing AHR, one of the cardinal features of asthma
(Sunyer et al., 2000; Simpson et al., 2001; Tepas et al., 2006).
Allergen sensitisation generally occurs early in life with some evidence even suggesting
that sensitisation can begin in utero (Kondo et al., 1992; Piccinni et al., 1993; Prescott et
al., 1998). The symptoms of sensitisation to inhaled antigens begin to manifest in children
by the age of three and continue to increase during the early school years (Wahn et al.,
1998). Sensitisation to allergens hypothetically occurs following at least two exposures to
the allergen, however, in humans, it is more likely to occur over repeated exposures over
the course of months to years. It is influenced by genetic and environmental factors such
as the nature and concentration of the sensitising allergen (Wahn et al., 1997), and exposure to immunomodulatory agents such as cigarette smoke (Strachan and Cook, 1998;
DiFranza et al., 2004), outdoor pollution (Mortimer et al., 2008) and bacterial endotoxin
(Gereda et al., 2000).
The precise mechanisms underpinning allergen sensitisation and pathogenesis of allergic
disease are unknown. Following the initial encounter with sensitising allergens, several
researchers have hypothesised that repeated exposure to the allergens promotes the recruitment of inflammatory cells, such as eosinophils and neutrophils, and the induction of
Th2 and IgE responses to the airways, leading to airway inflammation which eventually
establishes itself as the first symptoms of allergic airway disease (Warner et al., 2000).
The potentially injurious nature of this airway inflammation in developing lungs and airways of children may be involved in driving the persistent asthmatic phenotype (Liu et al.,
2007). Intriguingly, not all atopics develop allergic disease (Arshad et al., 2001; Simpson et al., 2001) which emphasises that complex gene-environment interactions underlie
the pathogenesis of allergic disease. In those that do develop disease, the severity of
symptoms are varied and may be associated with the timing of allergen sensitisation and
chronicity of sensitisation (Kurukulaaratchy et al., 2005; Turner et al., 2007; Sly et al.,
2008).

1.3.4 The immune response in respiratory allergy
Respiratory allergic inflammation is caused by aberrant immune responses towards otherwise innocuous antigens. Respiratory allergic symptoms are typically precipitated by
exposure to aeroallergens, however, symptoms in asthmatic patients may also be influ38
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enced by a number of other factors including respiratory infection, pollution, and exercise
(Lemanske et al., 2006). Following exposure to allergens, allergic individuals exhibit
immune responses that result in a T-lymphocyte–mediated immunological cascade and
allergen-specific IgE production. These responses underlie the clinical manifestations of
allergic airway disease (Leonardi et al., 2007). In nonatopic individuals, the response
to allergens is altered, with house dust mite-stimulated T-cell precursor and proliferation
assays demonstrating that T-cell responses are induced despite low allergen-specific IgE
production (Thomas and Hales, 2007).
Underlying the immune response in respiratory allergies are T lymphocytes that express
the CD4+ cell marker. Of particular importance is the Th2 subset that is characterised by
the hallmark cytokines IL-4, IL-5 and IL-13, although more recently, a role for other T
cells, such as regulatory T (Treg) cells (Shi and Qin, 2005), Th17 (Hizawa et al., 2006)
and natural killer (NK) T cells (Akbari et al., 2003), have been suggested. The allergenspecific activation of Th2 cells induces a Th2 cytokine cascade that mediates eosinophil
recruitment, allergen-specific IgE production, IgE-mediated mast cell degranulation, and
the release of inflammatory mediators such as the vasodilator histamine which are critical components of the pathophysiology of allergic inflammation. Indeed, Yabuhara and
colleagues (1997) showed that lymphocytes obtained from house dust mite-allergic subjects secreted greater amounts of the Th2 cytokine IL-4 compared to nonallergic subjects
while Robinson et al. (1992) found that T cells from asthmatic patients expressed enhanced levels of IL-4 and IL-5 mRNA. In mice, Gavett and colleagues (1994) showed
that the depletion of Th2 cells prior to allergic sensitisation in a murine model inhibited
allergic responses to the allergen, further implicating Th2 cells in allergy.
In contrast to the pivotal role of Th2 cells in allergy, the role of Th1 responses in allergic pathophysiology is not as clear. Given the apparent mutual exclusiveness of Th1
and Th2 cells, it was originally suggested that Th1 responses could protect against the
Th2-mediated allergy. Indeed, a number of human studies suggested that the decreasing
number of Th1-inducing infections in childhood contributed to the Th2-skewed responses
in allergy (Shirakawa et al., 1997; Garn and Henz, 2007). Further support was provided
by murine studies with Burger et al. (2004) demonstrating that Th1 responses induced
via the administration of cytosine-guanine (CpG) oligodeoxynucleotides (ODN) reduced
eosinophilia in a murine model. In contrast, Randolph and colleagues (1999) showed
that combining Th1 with Th2 responses in a mouse model potentiated allergic inflammation, whereas in the absence of Th1 cells, Th2 cells were not effectively recruited to the
airways. Similarly, Hansen and colleagues (1999) showed that the adoptive transfer of
OVA-specific Th1 cells into OVA-treated recipient mice failed to counterbalance the Th2
allergic responses and instead worsened inflammation. Additionally, Heaton et al. (2005)
demonstrated that the Th1 hallmark cytokine, IFN-γ, was common in both atopic and
nonatopic lungs and was strongly associated with AHR.
Further mechanistic insight into allergic inflammation have been obtained following the
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recent identification of Th17 cells and their possible roles in allergic disease. Although
the role of Th17 in allergy needs to be more clearly elucidated, the association of Th17
cells with allergy has provided new insight into the classic Th1/Th2 paradigm of allergic
disease (Schmidt-Weber et al., 2007; Wang and Liu, 2008). The expression of IL-17, a
product of Th17 cells, was found to be increased in the sera, sputum and lungs of asthmatic patients (Wong et al., 2001a; Kolls et al., 2003) and is positively correlated with
severity of AHR (Barcyzk et al., 2003). Th17 may play a role in severe asthma, where
it has been shown that neutrophilia, rather than eosinophilia, may be the source of the
allergic inflammation. This neutrophilia corresponds to the increased isolation of Th17
cells as IL-17 has an important role in the recruitment of neutrophils (Barnes et al., 2008;
Oboki et al., 2008). Furthermore, Th17 may play a role in Th2-mediated allergic inflammation with Nakae and colleagues (2002) demonstrating that IL-17 deficient mice
had diminished IL-4 and IL-5 responses to allergens while Wakashin and others (2008)
showed, in a murine model, that the cotransfer of Th17 and Th2 cells significantly enhanced eosinophilia and AHR.

Treg cells maintain T-cell homeostasis and are thought to control allergic responses via
the production of regulatory cytokines IL-10 and TGF-β (Shi and Qin, 2005). Ling et
al. (2004) showed that CD4+ CD25+ Treg cells from nonatopics suppressed antigenstimulated proliferation and IL-5 production of CD4+ CD25− T cells. In contrast, the
investigators found this suppression was inhibited in CD4+ CD25+ T cells obtained from
atopic patients. Akdis et al. (2004) observed an increased frequency of IL-10-secreting
Treg cells in nonatopics compared to atopic subjects. In a mouse model, Kearley and colleagues (2005) showed that the transfer of egg ovalbumin (OVA)-specific CD4+ CD25+
Treg cells to OVA-sensitised mice reduced eosinophilia, Th2 cyotkine production and
AHR. In contrast, Shi et al. (2004) did not find any difference in the suppressive capacity
of Treg cells between asthmatics and nonasthmatics.

NKT cells have recently been implicated in allergic responses as NKT cells were found
to make up at least 60 % of T cells found in the lungs of asthmatics (Akbari et al.,
2006). A role for NKT cells in allergy is also supported by murine studies showing
that NKT-deficient mice fail to develop AHR (Akbari et al., 2003). Additionally, Kim
and colleagues (2004) showed in a murine model that the activation of NKT cells by
α-Galactosylceramide during allergen sensitisation induced AHR, eosinophilia, allergenspecific IgE and Th2 cytokine production. In contrast, Matsuda et al. (2005) found that
in mice sensitised to OVA, α-Galactosylceramide administered during OVA challenge reduced allergic inflammation, while Das and colleagues (2006) suggested that NKT cells
contributed to, but were not essential for, allergic airways inflammation in mice.
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1.4 The interactions between respiratory bacteria and respiratory allergy
The association of respiratory infection, including those of viral, bacterial and helminthic
origin, with respiratory allergy is a complex dichotomy. On one hand, infection with
certain pathogens is suggested to play an important role in the inception and exacerbation of allergic disorders. On the other hand, there is another line of evidence known as
the hygiene hypothesis that suggests that infection exhibits a protective role against the
incidence of allergic disease. The increased prevalence of allergic disease over the past
few decades has reiterated that understanding the interaction between allergy and infection will lead to improved preventative measures, treatment and quality of life for those
affected, as well as curb the escalating health care costs associated with these diseases
(Mucha & Baroody, 2003). While the role of virus infection, especially by rhinovirus, in
asthma exacerbation is well recognised (Dougherty and Fahy, 2009), the role of bacterial
infections have received less attention.

1.4.1 Respiratory bacteria and allergy
The role of respiratory bacterial infections in allergy, although poorly understood, are of
significance. Atypical bacterial pathogens such as M. pneumoniae and C. pneumoniae and
the common colonising bacteria NTHi, S. pneumoniae and M. catarrhalis have all been
linked to allergy, as has the exposure to microbial products and vaccination. Confoundingly, both a protective and potentiating role for bacteria and their products in allergy have
been hypothesised.
1.4.1.1 The hygiene hypothesis
Improved hygiene and the advent of vaccination in developed nations have been proposed
to contribute to the prevalence of allergy by decreasing the number of beneficial infections that aid in immune system maturation. Recent evidence has extended this theory
to include a protective role for exposure to immunomodulatory microbial products such
as lipopolysaccharide (LPS), the Gram-negative bacterial endotoxin, and fungal polysaccharides such as β -glucans. A mechanistic explanation for the hypothesised protective
effect of infections on allergy involves the notion that Th1-inducing bacterial infections
promote a shift from the allergy-associated Th2 immune profile (Garn and Renz, 2007).
The hygiene hypothesis, proposed by Strachan (1989), implicates westernised lifestyle,
including vaccination and improved sanitation, on the decreased number of beneficial
childhood infections. Strachan showed an inverse relationship between the risk of allergy
and number of older siblings in the family with increased sibling number presumably
related to increased exposure to infectious pathogens. Similarly, Ball and others (2000)
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found that having older siblings or attendance at day care in the first six months of life
reduced the risk of developing asthma. It has also been observed that living on a farm
decreases the risk of allergic conditions possibly due to increased contact with microbes
and microbial products. For example, European studies have indicated that rural children
living on farms had increased exposure to LPS and had a reduced prevalence of atopic
sensitisation and allergic disorders, such as allergic rhintitis and asthma, compared to
their non-farm counterparts (von Mutius et al., 2000; Riedler et al., 2000; Riedler et al.,
2001). Furthermore, the prevalence of allergic disorders are reduced in areas with high
helminth exposure (Flohr et al., 2009). Murine studies have also shown that LPS can
reduce Th2 responses and eosinophilia in OVA-sensitised mice but not AHR (Gerhold et
al., 2002; Blumer et al., 2005). In contrast, Mitchell and colleagues (2007) found that
exposure to other children in the form of day care attendance in the first year of life was
positively associated with increased asthma and wheeze by seven years of age. Celedón
et al. (2003) observed that day care attendance was positively correlated with increased
wheeze but this only occurred in children with maternal history of asthma. It has also been
noted that environmental LPS can exacerbate AHR in adults working on farms (Portengen
et al., 2005).
1.4.1.2 Role of respiratory bacterial infections in respiratory allergy
Several respiratory bacteria have been implicated in allergy pathogenesis including
M. tuberculosis, B. pertussis, the respiratory colonisers NTHi, S. pneumoniae and
M. catarrhalis, and atypical bacteria such as C. pneumoniae and M. pneumoniae. Tuberculosis is a chronic respiratory disease caused by M. tuberculosis and it is a common
disease in developing countries. A number of studies have noted an inverse relationship between tuberculosis infection and allergic responses. Indeed, a study of tuberculin
responses, which is associated with tuberculosis infection and vaccination with Bacillus Calmette-Guérin (BCG), and allergy in a cohort of Japanese school children showed
that asthmatic symptoms were less likely to occur in positive tuberculin responders compared to negative responders, indicating that tuberculosis infection may repress allergy
(Shirakawa and et al., 1997). In addition, the same study found that positive tuberculin
responders had lower levels of the allergy-associated Th2 cytokines IL-4, IL-10 and IL-13
while having significantly higher levels of the Th1 cytokine IFN-γ. Another study by Obihara and colleagues (2005) also found an inverse relationship between positive tuberculin
responses and positive skin prick test to common aeroallergens in South African children from a region with high tuberculosis burden. Moreover, de Cunha and others (2004)
observed a 37 % reduction in the prevalence of asthma in BCG-vaccinated, allergic patients in Brazil. Mouse model studies of M. tuberculosis infection also provide evidence
of decreased atopic symptoms with Obihara and colleagues (2007) demonstrating that
concomitant stimulation of T cells with both OVA allergen and M. tuberculosis induced
antigen-specific Th1 responses whereas OVA stimulation alone induced Th2 responses.
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Other studies, however, have not found a protective effect of M. tuberculosis infection.
For example, Jang et al. (2002) found that there was no correlation between positive tuberculin responses and AHR in Korean school children while Li and others (2008) noted
the absence of a relationship between tuberculin responses and the development of atopic
respiratory disease in Chinese adults.
Colonisation of the respiratory mucosa with bacteria such as NTHi, S. pneumoniae,
M. catarrhalis has been associated with allergy and the natural history of asthma. In
an epidemiological study in neonates by Bisgaard and colleagues (2007), an increase in
colonisation by the respiratory commensals S. pneumoniae, M. catarrhalis and NTHi was
shown to be a risk factor for the development of asthma. This study found that the prevalence of asthma at five years of age was 33 % in children that were colonised at four weeks
of age. In contrast, children that were not colonised at four weeks exhibited a decrease
in asthma of prevalence approximately 10 % at five years of age. This increased risk seen
in the colonised infants was associated with both colonisation be a single species and a
combination of these pathogens. The authors postulated that an increase in neutrophillic
inflammation and potential tissue damage due to the bacterial colonisation may be the
cause of subsequent asthma.
Whooping cough caused by B. pertussis infection is another bacterial pathogen suggested
to play a role in the pathogenesis of respiratory allergies. Early studies indicated that pertussis infection only had a weak effect on allergic sensitisation (Wjst et al., 1994). However, a more recent study indicated that pertussis infection was positively correlated with
an increased risk in atopic disorders but only in pertussis-vaccinated subjects (Bernsen
et al., 2008). In a murine model, Ennis and colleagues (2004) observed that B. pertussis
infection during allergen sensitisation worsened the severity of allergic pathology towards
the allergen, although Th2 cytokine responses were reduced.
The atypical respiratory pathogens M. pneumoniae and C. pneumoniae are involved in
respiratory disease such as pneumonia and bronchitis and have also been implicated in
the pathogenesis of asthma. Studies have shown that M. pneumoniae and C. pneumoniae
are associated with new-onset wheezing in infants, a risk factor for later development of
asthma (Principi and Esposito, 2001; Brunetti et al., 2007). A protective role for these
pathogens has also been suggested with Normann and colleagues (2005) demonstrating
that prior C. pneumoniae infection in children decreased the risk of developing allergic
airways disease. Similarly, Schmidt et al. (2005) found that C. pneumoniae infection may
be a protective factor against asthma and allergic rhinitis as the incidence of both diseases
were lower in infected children. A mouse model of M. pneumoniae infection supported
the protective role for this pathogen by demonstrating that the severity of AHR in OVAsensitised and -challenged mice was reduced if M. pneumoniae infection occurred prior
to sensitisation (Chu et al., 2003).
Further to the potential role of bacterial infection in the pathogenesis of allergic disease
is evidence that allergic disease may enhance or promote bacterial infection. Allergy
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may promote excess mucus production and may impair the mucociliary clearance of the
respiratory mucosa, which may lead to conditions that enhance bacterial colonisation and
infection (Tanaka et al., 1998). Additionally, some bacterial respiratory infections are
thought to cause exacerbations of asthma.
The association between infection and allergy is supported by studies showing that a striking number of children with respiratory infections, such as otitis media or sinustis, also
have comorbid respiratory allergy (Spector, 1997; Mucha and Baroody, 2003). Allergy is
a risk factor for otitis media and sinusitis with Alles et al. (2001) showing that 89 % of
children with chronic otitis media had concurrent allergic rhinitis, which is greater than
the prevalence rate observed in the general population (20 %). Bentdal and colleagues
(2007) also demonstrated highly significant associations between otitis media and respiratory allergies with the risk of otitis media almost 3-fold greater in asthmatic patients.
Similarly, sinusitis has also been associated with allergy with one study finding that between 25 to 30 % of acute sinusitis patients had comorbid allergic rhinitis, compared to
14 to 17 % in the control population (Savolainen, 1989). Other studies have suggested
that sinusitis is a contributing factor in severe asthma and with increased exacerbation of
symptoms (ten Brinke et al., 2005; Dixon et al., 2006). Further evidence for an association of bacterial sinusitis and asthma comes from studies that showed an improvement
of symptoms of asthma when sinusitis symptoms were treated with antibiotics (Tosca et
al., 2003; Tsao et al., 2003). Studies in murine models supported the association of allergic rhinitis and sinusitis with Blair and coworkers (2001) finding that concurrent allergic
rhinitis worsened bacterial sinusitis as increased numbers of bacteria and inflammatory
cells were recovered from the sinuses of allergic mice compared to nonallergic mice. This
association was further supported by Yu et al. (2004) who also implicated Th2 responses
in the worsening of symptoms.
Recent studies have also found evidence of an association between serious pneumococcal
disease, such as pneumonia, and asthma. In one example, it was found that the risk of
invasive pneumococcal disease was over 3-fold greater in patients with high-risk, or more
severe, asthma, and 2-fold greater in low-risk asthma, compared to nonasthmatic controls
(Talbot et al., 2005). Similarly, Juhn and colleagues (2008) found that asthmatic adults
had a 17 % risk of serious pneumococcal disease compared to the control population risk
of 3 %.
An association between bacterial colonisation and allergy has also been noted. For example, there is evidence that asthma is a risk factor for increased colonisation by S. pneumoniae, with Cardozo and others (2008) finding that adolescents who experienced at
least one asthma attack in the last year were almost three times more likely to carry the
pathogen in the nasopharynx. Another study by St. Sauver and colleagues (2000) observed that, in a cohort of children attending day care centres, a history of allergy doubled
the likelihood of the carriage of multiple strains of NTHi. In contrast, Neto and colleagues
(2003) observed that asthmatic children in Portugal were less likely to be colonised by
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S. pneumoniae or H. influenzae. An association has also been noted between asthma and
bacteria recovered in the lower respiratory tract. Fayon et al. (1999) observed that approximately one eighth of children with severe symptoms had bacteria, predominantly
H. influenzae, recovered from the lungs. A Japanese study also found that pathogens,
such as H. influenzae, M. catarrhalis and S. pneumoniae, were commonly isolated from
the lungs of children hospitalised with recurrent wheezing (Nagayama et al., 2007). Although these investigators failed to determine any differences between the prevalence of
lower respiratory tract bacteria in wheezing children compared to nonwheezing controls,
they noted that children with recurrent wheeze over the age of six appeared more likely
to harbour pulmonary bacteria compared to their non-wheezing counterparts. While the
small number of appropriate controls was a limitation in the study, their findings, as well
as the findings above, further support a relationship between allergy and infection.
Taken together, these studies suggest a possible role for atopy in the susceptibility to
infection and that allergy symptoms may be worsened by bacterial infection. Although
the immune mechanisms underlying these associations are not known, the modulation of
T-cell immune responses appear to be involved.
1.4.1.3 Role of microbial products
The role of microbial products such as LPS and unmethylated CpG dinucleotides in allergy are controversial. Epidemiological studies in European farming populations have
indicated that exposure to LPS in the environment may have a protective effect against
allergy while CpG motifs have been touted as anti-allergy therapy. On the other hand,
LPS have been associated with airway inflammation in both asthmatic and nonasthmatic
subjects.
LPS is a ubiquitous air contaminant from the outer membrane of Gram-negative bacteria
that signals through the Toll-like receptor 4 (TLR4) and has a potentially dichotomous
role in allergic responses. On one hand, a protective role for LPS in allergy was suggested following studies that showed that children living in high LPS environments, such
as farms, had a lower prevalence of allergic disease. On the other hand, LPS has been
implicated in asthma pathogenesis, exacerbation and severity (Michel et al., 1996). The
farm setting is associated with greater levels of LPS exposure as Von Mutius et al. (2000)
showed that the level of LPS in house dust was significantly elevated in farms with greater
concentrations found in stables, kitchen floors and from children’s mattresses compared
to controls. Braun-Fahrlander et al. (2002) observed an inverse relationship between endotoxin level in dust collected from beds and the prevalence of atopic sensitisation and
respiratory allergy. In a murine model, LPS exposure prior to OVA sensitisation resulted
in decreased OVA-specific IgE, eosinphil numbers, and Th2 cytokines following OVA
challenge (Gerhold et al., 2002). Similarly, some studies have shown that LPS administered prior to allergen sensitisation decreased IgE, eosinophilia, AHR and Th2 cytokines
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following OVA challenge (Tulic et al., 2000; Delayre-Orthez et al., 2005). Conversely
LPS has been shown to aggravate allergic symptoms, with studies in asthmatic patients
demonstrating that endotoxin exposure worsened allergic inflammation (Eldridge et al.,
2000) and was a risk factor for increased asthma prevalence (Thorne et al., 2005). Using a
murine asthma model, Delayre-Orthez and others (2005) demonstrated that the coadminstration of LPS with OVA challenge in the absence of prior LPS sensitisation exacerbated
the eosinophil response. Additionally, Murakami et al. (2007) found that LPS-activated
mast cells and Th2 cytokines and exacerbated allergic responses, while Kim and colleagues (2007) determined that different doses of LPS given at the time of allergen sensitisation induced different asthma phenotypes. Here, the investigators found that a low
dose of LPS at allergen sensitisation induced eosinophillic inflammation while a high
dose induced noneosinophillic inflammation and could explain the mechanisms underlying differing asthma severity. The mechanisms underlying the seemingly dichotomous
role of LPS in allergy was explored by murine studies showing that LPS could induce
Th1 or Th2 responses depending on the level of LPS exposure during allergen sensitisation (Eisenbarth et al., 2002). These investigators showed that low level endotoxin
exposure induced Th2 cytokines and airway mucus production, while the inhalation of
high LPS levels induced Th1 cytokines and neutrophils.
Other microbial antigens such as outer membrane proteins and CpG dinucleotide motifs
can promote Th-mediated cytokines and hence modulate allergic responses. CpG motifs
are found in bacterial but not vertebrate DNA and signal through TLR9 (Kreig, 2002).
Murine allergy studies using synthetic CpG ODNs have shown that CpG ODN administration at the time of allergen senistisation can reduce AHR, eosinophilia, IL-4 and IgE,
and increase IFN-γ and IL-12 (Kline et al., 1998). Additionally, Serebrisky and coworkers
(2000) showed that in a mouse model of OVA-induced asthma, CpG ODN administration
during an ongoing allergic reaction could reverse the Th2 responses and decrease IgE,
AHR, mucus production and airway eosinophilia. In a model of allegic rhinitis, CpG
ODN treatment during allergen sensitisation produced similar results as the asthma studies, with CpG ODN abrogating allergic nasal inflammation (Hussain et al., 2002). These
results suggest that exposure to CpG motifs via childhood infections may protect against
the development of allergy.
Lipopeptides that signal through TLR2 have also been implicated in both protection and
aggravation of the allergic response. Several studies have shown that the Th1 response
following lipopeptide activation of TLR2, including IFN-γ and IL-10 induction, can suppress allergic Th2 responses such as IL-4 and allergen-specific IgE production (Akdis et
al., 2003). Furthermore, Patel and others (2005) showed that a synthetic lipopeptide could
ameriolate Th2 allergic responses and allergic inflammation in a murine OVA-asthma
model. In contrast, Redecke et al. (2004) showed that stimulation of TLR2 together with
allergen challenge reduced the Th1 cytokine response but induced Th2-associated cytokines and IgG1 and IgE which aggravated AHR and increased eosinophil recruitment
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in a mouse model.
1.4.1.4 Role of vaccines
There is evidence that vaccines administered in early childhood can modulate immune
responses and thus may affect sensitisation to allergens and the subsequent development
of allergic diseases (Kalaboka and Annesi-Maesano, 2007). According to the hygiene hypothesis, the widespread use of vaccines has been purported to contribute to the increased
prevalence of allergic disease observed in recent years by decreasing natural infections
believed to protect against atopy (Liu, 2007). Intriguingly, another line of evidence suggests that vaccines may also contribute to the prevention of allergy. Furthermore, there is
the concern that the response to vaccines may be different in atopic people compared to
nonatopics (Holt et al., 2003; Gentile et al., 2006; Bernsen et al., 2008). Together, these
issues highlight the need for clearer understanding of the interactions between allergy and
vaccination.
Childhood vaccination against bacterial pathogens, including pertussis, diphtheria,
tetanus, tuberculosis and H. influenzae type b, have been associated with allergy, although
the evidence to date has been controversial. An early study noted that children vaccinated with the dipththeria-tetanus-pertussis (DTP) vaccine elicited B. pertussis-specific
IgE responses which was prolonged in children predisposed to atopy (Haus and Weinberg, 1988). This finding led to concerns that the vaccine could promote IgE production
against other environmental allergens and hence, promote the development of allergy.
Recent studies provided more evidence of a positive association between pertussis vaccination and atopy with Bernsen and colleagues (2008) finding that pertussis-vaccinated
children with reported past pertussis infection were more likely to have allergy to aeroallergens compared to unvaccinated children. Additionally, Bremner et al. (2005) found
that BCG vaccinations before the age of two slightly increased the risk of developing
allergic rhinitis by seven to eight years of age. Diphtheria vaccination in an Australian
cohort were found to slightly increase the risk of developing asthma by seven years of age
(Nakajima et al., 2007). In contrast, other studies did not find such associations between
childhood vaccination and respiratory allergy. For example, Spycher et al. (2009) observed that childhood pertussis vaccination did not have any effect on the risk of asthma
or wheeze in a cohort of children from the United Kingdom. Similarly, Kummeling et
al. (2007) showed that there was no evidence for increased risk of eczema or wheeze
at one year of age in children who were vaccinated before six months with pertussis,
tetanus and H. influenzae type b. Additionally, Grüber and colleagues (2008) found that
in an international cohort involving 12 countries, there was no heightened risk of allergic sensitisation or eczema following childhood vaccination routines that included DTP,
H. influenzae, pneumococcal and meningococcal vaccines.
Interestingly, a protective role for vaccination has also been suggested with one study ob47
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serving decreased risk of asthma by 15 % in school children who were vaccinated with
BCG, although the same investigators did not find any association with allergic rhinitis
(Grüber et al., 2002). Bremner and others (2005) and McDonald and coworkers (2008)
showed that DTP vaccinations were not associated with any increased risk of allergic
rhinitis and asthma respectively, however, these investigators observed that delaying vaccinations in children was associated with a reduced risk. Animal model studies also provided some evidence of a protective effect of vaccination against atopic disease with one
study showing that the covaccination of pertussis vaccine with diphtheria and tetanus
vaccines downregulated specific IgE towards the coadministered vaccines, implicating a
protective role for the pertussis component (Grüber et al., 2006). In a mouse model of
allergic rhinitis, BCG vaccination was found to exhibit an anti-allergic effect (Kim and
Yeo, 2007).

1.4.2 Other infections and allergy
1.4.2.1 Viruses
Respiratory viral infections are commonly associated with the pathogenesis of allergic
disease and asthma exacerbations (Holgate, 2008; Dougherty and Fahy, 2009). For example, a recent study showed that atopic children with severe viral lower respiratory tract
infections in the first year of life, typically caused by rhinovirus and respiratory syncitial virus (RSV), were at a greater risk of developing asthma by the age of five (Kusel et
al., 2007). Similarly, Jackson et al., (2008) found that children with rhinovirus- or RSVinduced wheeze by the age of three had a greater risk of asthma at age six. Other human
(Corne et al., 2002) and mouse (Bartlett et al., 2008) studies have shown that viral infection exacerbated asthmatic symptoms. Furthermore, viral infections have been suggested
to synergise with common allergens in provoking asthma symptoms with Bossois and
coworkers (2008) demonstrating that the house dust mite allergen Der p 1 and rhinovirus
synergistically induced the inflammatory mediator IL-8 in vitro. In contrast, other studies failed to find any association between allergen and viral infection (de Kluijver et al.,
2003), while Illi and colleagues (2001) reported that viral infections in early life was associated with decreased asthma prevalence later in life. Key immune mechanisms underlying the potential interaction between virus and allergy have been hypothesised including
the upregulation of the rhinovirus receptor ICAM-1, which is upregulated in allergic subjects (Ciprandi et al., 1993), and impaired innate immune mechanisms of allergic subjects
(Tanaka et al., 1998).
1.4.2.2 Helminths
The lack of helminth infection in developed countries has also been linked to the increase
of allergy (Flohr et al., 2009). There is evidence that atopic sensitisation to allergens is
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inversely correlated with helminth exposure (Araujo et al., 2000; van den Biggelaar et al.,
2000; Cooper et al., 2003). There is also evidence that allergic disease is reduced in areas
of high helminth exposure with Huang and coworkers (2002) demonstrating a decreased
prevalence of asthma and allergic rhinitis in Taiwanese chidren infested with pinworm.
Mouse models of helminth infection and respiratory allergy also support this inverse relationship (Kitagaki et al., 2006; Dittrich et al., 2008). However, this association was
not observed by others with Palmer and colleagues (2002) observing an increased risk
for atopic diseases in a cohort of Chinese children with helminthic infection. Mechanistically, the immunomodulatory effects of helminth infection, possibly involving the regulatory cytokine IL-10, may explain the potentially protective role against atopy (van den
Biggelaar et al., 2000; Kitagaki et al., 2006). Another hypothesis suggests that the lack of
helminth infections seen in westernised countries has lead to a diversion of anti-helminth
Th2 and IgE responses towards environmental allergens (Roumier et al., 2008).
1.4.2.3 Gastrointestinal infections
Evidence for a role for gastrointestinal infections in respiratory allergy protection has
been shown in studies with foodborne pathogens such as Hepatitis A, Toxoplasma gondii
and Helicobacter pylori. Results from these studies indicate that the presence of positive
serology to at least two of these pathogens is inversely correlated to the prevalence of hay
fever, asthma and atopic sensitisation (Matricardi et al., 2000). However, the investigators failed to observe a link between airborne pathogens, such as measles, mumps, rubella,
chickenpox or cytomegalovirus, and atopy. Janson et al. (2007) found that an accumulated microbial burden, including the gastrointestinal pathogens T. gondii and H. pylori,
were inversely correlated to the prevalence of atopy and respiratory allergies in cohorts in
Iceland, Estonia and Sweden.

1.5 Important considerations for developing vaccines
against respiratory bacteria
An important challenge for the 21st century is to develop vaccines to protect against
the high rates of mortality, morbidity and antibiotic resistance associated with bacterial
respiratory infection in many regions of the world. Since the 18th century, when Edward
Jenner demonstrated that prior exposure to the cowpox virus prevented serious infection
by the related smallpox virus, vaccines have eradicated smallpox, and vaccines against
26 infectious diseases have been developed (Andre, 2003). Successful vaccine strategies
have contributed to a 90 to 100 % decline in infections such as invasive H. influenzae type
b, poliomyelitis and diphtheria, to name a few, in developed nations (Ogra et al., 2001).
Although vaccines against some of the seven major respiratory bacterial pathogens exist,
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including S. pneumoniae, C. diphtheriae, B. pertussis and M. tuberculosis, improvements
to these vaccines are being sought and useful vaccines are still required for the respiratory
colonisers and important pathogens NTHi and M. catarrhalis, as well as for emerging
infectious diseases.
Vaccines against respiratory bacteria currently consist of whole cell, polysaccharide and
protein components. Importantly, these vaccines induce protective immunity to prevent
disease and induce herd immunity by curbing the spread of pathogens between individuals
(Bogaert et al., 2004). However, some of these vaccines can cause adverse reactions or do
not effectively cover the diverse range of pathogenic strains of a given species. For the respiratory coloniser H. influenzae type b, polysaccharide conjugate vaccines that eliminate
this pathogen have been successful in reducing colonisation and disease in countries in
which the vaccine is available. Unfortunately, this vaccine has no effect on other serotypes
of H. influenzae including the nontypeable strains. For the S. pneumoniae species, which
are comprised of over 90 diverse polysaccharide serotypes, immunisation with polysaccharide conjugate vaccines eliminate only the strains covered by the vaccine. This has
led to strain replacement, or an increase in colonisation and disease caused by nonvaccine strains. (Obaro et al., 1996). Other targets for vaccination, including conserved
outer membrane proteins (OMPs), are being investigated to improve current immunisation strategies. Therefore, in addition to identifying vaccine targets, an understanding of
the mechanisms of vaccine-induced immunity, and strategies to effectively induce appropriate immunity, is important for vaccine safety and efficacy.

1.5.1 Importance of mucosal immunity
The mucosal surfaces, such as the respiratory and gastrointestinal tracts, are generally the
portals of entry for the majority of pathogens and form the first line of defense against infection. As respiratory infection is initiated at the respiratory mucosa it seems logical that
protection against pathogens should involve specific stimulation of mucosal immunity at
these sites. In fact, previous studies have shown that mucosal presentation of antigens
to induce local respiratory immunity can be more efficacious than systemic immunity
(Foxwell et al., 2003; Holmgren and Czerkinsky, 2005; Sabirov and Metzger, 2008).
However, the majority of current vaccines are delivered nonmucosally, typically by parenteral injection, and this has the potential disadvantage of conferring limited mucosal responses (Slutter et al., 2008). Mucosal vaccination, including nasal and oral vaccination,
has a number of potential advantages over parenteral routes including effective stimulation of mucosal immunity, improved safety, ease of administration, noninvasive administration methods that may increase patient compliance, and improved cost-effectiveness
(Cripps et al., 2001; Mitragotri, 2005). The only mucosally administered vaccine routinely used is the oral polio vaccine (Khan, 2008). This is a live vaccine that has been
associated with a small risk of developing paralytic polio, and although a systemically ad50
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ministered inactivated polio vaccine is widely used, it is less effective in countries where
polio is endemic (Lambert et al., 2005; Dutta, 2008). Thus, targeted mucosal immunity
is an alternative to conventional parenterally administered vaccines.
The mucosal surfaces are protected by a concerted array of innate and adaptive immune
components known collectively as the mucosa-associated lymphoid tissues which function separately from the systemic immune system. Important immune cells of the mucosaassociated lymphoid tissues include antibody-secreting B cells, T cells, antigen presenting
cells and M cells. Correct stimulation of these immune cells is required to induce protective immune responses rather than tolerance, or unresponsiveness (Ogra et al., 2001).
The elicitation of a long-lived protective immune response is the hallmark of successful
vaccination. Many current vaccines confer their protective effects by inducing robust
antibody responses. T-cell responses induced by these vaccines have not been extensively
studied (Lambert et al., 2005), however, as described below, T-cell–mediated immunity
is important in protection against a range of bacterial respiratory infections (Rappuoli,
2004). While some vaccines exert protective effects via only one arm of the immune
response, optimal protection may require both humoral and cellular arms (Lambert et al.,
2005).
1.5.1.1 Cellular mucosal immunity
T cells are important immune populations with helper, cytotoxic and regulatory functions. Different T-cell subpopulations have different roles in protection, for example, Th1
and cytotoxic T cells are involved in killing intracellular pathogens, while Th2 cells protect against helminths. The recently discovered Th17 cells are implicated in protection
against extracellular bacteria. T-cell help is also required for the production of antibody
by B cells. Hence, the induction of appropriate T cells to combat infection and the development of subsequent T-cell memory is important in successful vaccination (Robinson
and Amara, 2005).
There are a number of examples where T cells are critical for vaccine-mediated protection.
For example, the BCG vaccine against tuberculosis mediates its protective effects through
T-cell–mediated immunity. It has been shown that BCG immunisation does not produce
significant antibody levels but does induce CD4+ T-cell responses which are central to
its efficacy (Flynn and Chan, 2001). Studies in mice and guinea pigs have shown that
both Th1 and Th17 cells are important in mycobacterial protection. Evidence shows
that Th1 responses are required in protection against tuberculosis as a defect in IL-12
and IFN-γ cytokine responses, both indicative of Th1, result in susceptibility to infection
(Altare et al., 1998). Further support for this comes from Khader and coworkers (2007)
who found that following vaccination, a population of antigen-specific IL-17–producing
CD4+ T cells were generated and were essential for antigen recall responses in the lung
by recruiting antigen specific Th1 cells to stop mycobacterial growth.
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The induction of useful T-cell responses is an issue concerning bacterial polysaccharide
vaccines. Bacterial polysaccharides are generally poorly immunogenic, particularly in
infants younger than two years of age. Vaccination with these antigens, such as the H. influenzae type b, Neisseria meningitidis and S. pneumoniae polysaccharides, are unable
to induce protective antibody responses due to the lack of T-cell help (Gold et al., 1979;
1979; Peltola et al., 1984; Obaro, 2002). The conjugation of polysaccharide antigens
with carrier proteins, such as the tetanus toxoid or diphtheria toxoid, greatly enhances
the immunogenicity and antibody responses due to the stimulation of T-cell–dependent
factors (Stein, 1992). Even so, conjugated polysaccharide vaccines such as H. influenzae
type b do not provide life-long immunity. Failure to effectively stimulate prolonged Tcell responses may be to blame for the low immunogenicity of the H. influenzae type b
conjugate vaccine and the increasing incidence of H. influenzae type b-mediated invasive
disease in fully vaccinated children in the United Kingdom (McVernon et al., 2004).
Recent research into the mechanisms of protection have implicated Th17 cells in the protection against extracellular bacteria at the mucosal surfaces. For example, Malley and
colleagues (2006), Basset et al. (2007) and Lu et al. (2008) noted that mucosal immunisation of mice with S. pneumoniae polysaccharide, proteins and whole cell vaccines respectively, induced protective antibody-independent but CD4+ T-cell–dependent responses.
In these studies, IL-17 was found to play an important role as anti-IL-17 treatment in
mice reduced the efficacy of the immunisation (Malley et al., 2006). In addition, Lu
and coworkers (2008) showed that IL-17 knockout mice, but not IL-4 or IFN-γ knockout mice, were not protected by vaccination. In addition, studies in K. pneumoniae have
shown that immunity to this pathogen is due to Th17 responses (Ye et al., 2001), while in
P. aeruginosa vaccination studies, Th17 responses were found to protect mice from fatal
pneumonia (Aujla et al., 2008; Priebe et al.,2008).
The induction of CD8+ T-cell responses by vaccination is also important in immunity,
particularly to viruses such as human papillomavirus and measles (Plotkin, 2001). In
addition, CD8+ T cells have been shown to play a role in protection against respiratory
bacteria. Foxwell et al. (2001) found that CD8+ T cells, and γδ T cells to a smaller extent,
were important in the clearance of NTHi in a rat model of infection. Moreover, King et
al. (2008a) showed that CD8+ T cells were the main proliferating cells when cells from
COPD patients were stimulated with NTHi.
1.5.1.2 Humoral mucosal immunity
Antigen-specific antibodies produced by B cells are typically heralded as correlates of
vaccine-mediated protection and are crucial for protection induced by many polysaccharide, toxin and viral vaccines. Indeed, it is known that individuals with immunoglobulin
deficiencies exhibit decreased immunity compared to the general population following
vaccination (Shrimpton et al., 2006; Rezaei et al., 2007). Long-lived antibody-mediated
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protection is due to the development of antigen-specific memory B cells and long-lived
plasma cells that produce antigen-specific antibodies. Such sustained responses also require T-cell help. For protection of the mucosal surfaces, the major antibody isotype of
the mucosal system is the locally produced IgA while locally produced IgG and IgG that
diffuses from serum can also protect the mucosae (Holmgren and Czerkinsky, 2005).
The majority of vaccines induce B-cell responses and a number of vaccine antigens from
respiratory bacteria exert protective effects, mainly through antibody production (Plotkin,
2001). Diphtheria toxoid vaccine and polysaccharide antigens are such examples. Antibodies to diphtheria toxin are crucial in protection and an antibody titre above 0.1 IU in
vaccinated individuals is a marker of complete protection against disease, while antibody
titres between 0.01 IU and 0.1 IU is indicative of partial protection (Plotkin, 2008). For
unconjugated polysaccharide antigens, a T-cell–independent antibody response in adults
is induced and confers protection. However, this response is transient and lasts for only a
few years. Chemically conjugating polysaccharide antigens to a protein carrier enhances
the longevity of the antibody response and improves immunogenicity in both children and
adults (Obaro, 2002).
Mucosal antibodies have been implicated in protection against bacterial and viral respiratory infections such as commensal pathogens, influenza and rotavirus. In experiments
looking at mouse models of NTHi infection, it was found that immunising with surfaceexposed antigens elicited significant titres of antigen-specific IgA which correlated to enhanced bacterial clearance (Kurono et al., 1999). Kodama and colleagues (2000) showed
that mucosal IgA was significantly induced in the middle ear of mice following intranasal
immunisation with the P6 protein. In children, Kodama et al. (1999) found that the NTHi
P6 protein induced IgA secretion in healthy subjects but not in otitis-prone subjects. In
human pneumococcal studies, IgA directed against the protein PspA was detected in subjects that resisted pneumococcal colonisation while in a murine model of S. pneumoniae
infection, PspA vaccination induced mucosal IgA and protection (Briles et al., 2000a;
McCool et al., 2002). When Cripps and Kyd (2007) compared mucosal and parenteral
immunisation against S. pneumoniae in rat and mouse models, they demonstrated that
only mucosal immunisation stimulated mucosal IgA responses although both vaccination
routes were comparable in terms of S. pneumoniae clearance. Together, these studies
show that the induction of mucosal IgA may be a beneficial characteristic of vaccines for
protection against disease caused by respiratory colonisers.
Some controversies regarding mucosal antibodies in protection have been raised. Firstly,
the role of antibodies in protection against commensal pathogens are not clear. For example, studies have shown that in a human S. pneumoniae colonisation model, antibody
responses to polysaccharide antigens and surface proteins were stimulated by colonisation
but did not necessarily contribute to the clearance of S. pneumoniae from the nasopharynx
(McCool et al., 2002; McCool et al., 2004). This is in line with later findings by Trzcinsky
and colleagues (2005) who noted that antibodies induced by pneumococcal antigens were
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purely correlates of protection rather than effectors of protection. Secondly, it has proven
difficult to stimulate mucosal antibody responses using non-replicating vaccinogens and
hence improved vaccine strategies are required (Mitragotri, 2005).

1.5.2 Whole cell, toxin and polysaccharide-based vaccines
Historically, many vaccines have been comprised of live or killed whole bacteria although
the usefulness of these preparations have been limited due to possible adverse effects and
a limited range of specificity. Currently, the only whole cell vaccine against a respiratory pathogen is the pertussis vaccine and this is being replaced by the acellular pertussis
preparation due to concerns about side effects such as local inflammation and fever (David
et al., 2008).Vaccine research has now shifted toward component vaccines where antigentic elements of the pathogen, such as polysaccharide capsule and proteins, are employed.
Successful vaccines against other respiratory bacteria have incorporated microbial components including toxins and polysaccharide capsules, such as for diphtheria, the pneumococcus and H. influenzae type b. The introduction of the H. influenzae type b polysaccharide conjugate vaccine in certain nations has significantly decreased the incidence of invasive H. influenzae disease (Morris et al., 2008). Pneumococcal polysaccharide conjugate
vaccines have also shown success in reducing nasopharyngeal colonisation and, hence,
disease caused by serotypes covered by the vaccine (Eskola et al., 2001; Block et al.,
2004). Unfortunately, the polysaccharide-based vaccines are generally of limited specificity. For example, the heptavalent pneumococcal conjugate vaccine is effective against
the seven most common pneumococcal serotypes involved in disease, although over 90
serotypes of S. pneumoniae have been identified so far. Considering this, it would be
virtually impossible to develop a vaccine containing capsular antigens from all serotypes.
Similarly, the H. influenzae type b vaccine is not effective against other H. influenzae
types, including the nontypeable strains.
Current strategies for NTHi vaccines thus have focused on outer membrane protein
(OMP) formulations or whole cell vaccines. NTHi whole cell vaccines have had some
success in reducing exacerbations of acute bronchitis although protective effects appeared
to be short lived (Arandjus et al., 2006). NTHi outer membrane vaccine candidates are
proving to be promising (Poolman et al., 2000) as are M. catarrhalis and S. pneumoniae
OMPs. The usefulness of these proteins as vaccines will be discussed in greater detail
below.

1.5.3 Outer membrane proteins
Bacterial surface antigens are important vaccine candidates as the bacterial surface is a
crucial interface between the pathogen and the host environment with many surface proteins important in nutrient uptake, virulence, and evasion of the host immune reponse. The
54

C HAPTER 1
search for useful vaccine antigens for mucosal pathogens, such as NTHi, M. catarrhalis
and S. pneumoniae, have turned to proteins present in the outer membrane. Currently, vaccine development against these pathogens have posed a great challenge due to the hypervariability of antigens present on the bacterial surface. Although capsular S. pneumoniae
vaccines have been developed, the limited range of these vaccines, the issue of strain replacement, and expense of production are limitations that could be improved. OMPs have
been identified as useful vaccine candidates for each of these pathogens for the following
reasons. Firstly, OMPs are surface exposed, allowing them to be easily recognised by
the host immune system. Secondly, many OMPs exhibit important functions and are thus
highly conserved, meaning that OMP vaccines may be able to target a broad spectrum
of strains. Thirdly, many OMPs may be easily produced as over-expressed recombinant
proteins, making for economical and high-yielding vaccine production.
Potential protein vaccine candidates have been identified in NTHi, S. pneumoniae and
M. catarrhalis. OMPs that have been targeted as vaccine candidates include P6, P4,
P26, D15 and protein D of NTHi (Foxwell et al., 1998), CD and UspA1 and UspA2 in
M. catarrhalis, and PspA in S. pneumoniae (Cripps and Kyd, 2003).
P6 is a lipoprotein of approximately 16 kDa that is present in all H. influenzae type b and
NTHi strains tested to date (Murphy et al., 1986; Nelson et al., 1991). P6 is thought to
play an important role in cell wall integrity by anchoring the cell wall to the outer membrane and is thus highly conserved in many Gram-negative bacteria including E. coli, N.
meningitidis and other members of the Pasteurellaceae family. Indeed, the important role
of P6 is highlighted by Murphy et al. (2006) who demonstrated that a P6-deficient mutant
of NTHi exhibited growth defects when compared to the wildtype strain. Recombinant
and native forms of P6 elicited bactericidal antibodies in immunised animals and has been
shown to enhance the clearance of NTHi in chinchilla, mouse and rat infection models
(Munson et al., 1985; DeMaria et al., 1996; Sabirov et al., 2004; Bertot et al., 2004).
P6 homologues have been identified in other members of the Pasteurellaceae family including Pasteurella multocida (Kasten et al., 1995) and Actinobacillus pleuropneumoniae
(Frey et al., 1996). Surprisingly, P6 immunisation of turkeys and pigs, the natural hosts
of P. multocida and A. pleuropneumoniae respectively, did not confer protection and in
the case of A. pleuropneumoniae, the addition of P6 to the vaccine formulation interfered
with the protective capacity of the vaccine and worsened the outcome of infected pigs
(Kasten et al., 1997; van den Bosch et al., 2003). In humans, studies have shown that
anti-P6 titres are detected following NTHi infection. In addition, anti-P6 responses are
diminished in children prone to recurrent otitis media suggesting that P6 responses are
required for efficient clearance of NTHi infection (Hotomi et al., 1999; Yamanaka et al.,
2008).
P4 is a 28 kDa lipoprotein that has an important metabolic role in haem aquisition and
factor V utilisation (Kemmer et al., 2001; Morton et al., 2007). This OMP is present
in all strains on NTHi tested so far and has been the subject of a number of animal im55
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munisation studies. For example, Green and others (1991) found that P4 antibodies exhibited antibactericidal activity. Recombinant P4 has also been shown to protect rodents
from colonisation and also enhanced the clearance of NTHi from the lungs (Mason et al.,
2004; Hotomi et al., 2005). Studies on human P4 responses are minimal, hence, much
more research is required.
While not technically an OMP, P26 is a 26 kDa protein chaperone that is involved in the
transport of newly synthesised OMPs from the cytoplasm to the outer membrane (ElAdhami et al., 1999). Like the other protein vaccine candidates mentioned above, P26
is highly conserved and present in all NTHi strains. Rodent models have confirmed the
immunogenicity of the protein, however, it was found that recombinant forms of P26
only elicited protection in its preprotein form containing the preprotein leader sequence.
Rat and chinchilla NTHi infection models showed enhanced bacterial clearance following
P26 immunisation (Kyd et al., 2003).
A fourth NTHi vaccine candidate called D15 is a high molecular weight protein (approximately 80 kDa) that is highly conserved among encapsulated H. influenzae and NTHi
isolates (Loosmore et al., 1997). D15, or Omp85, is a member of an evolutionary conserved family of proteins under extensive study that are found in Gram-negative bacteria
as well as eukaryotes (Voulhoux and Tommassen, 2004; Fitzpatrick et al., 2005). These
proteins have an important role in translocating proteins to the membrane with D15 implicated in the outer membrane assembly of H. influenzae (Gentle et al., 2004; Bredemeier
et al., 2007). D15 homologues have been identified in other members of the Pasteurellaceae family including P. multocida (Mitchison et al., 2000). Previous murine models
have identified a 20 kDa fragment of the N-terminal that contained immunogenic epitopes
that elicited protective antibodies in a rat model of H. influenzae infection (Yang et al.,
1998a).
Protein D of H. influenzae is a highly conserved OMP found in all H. influenzae strains.
It is an important virulence factor as previous studies have shown that protein D-deficient
NTHi mutants required more than 100 times more colony-forming units to cause disease.
Protein D does not appear to have an essential role for survival of the pathogen as no other
phenotypic differences between protein D-deficient mutants and wildtype strains were
found (Janson et al., 1994). Protein D has since been shown to confer protection against
NTHi-induced otitis media when conjugated to pneumococcal vaccine in a clinical trial.
In that study, protein D appeared to reduce otitis media caused by NTHi by 33.6 % while
also reducing the carriage of NTHi (Prymula et al., 2006).
Several protective antigens of M. catarrhalis have been identified including CD and the
UspA proteins. Protein CD is approximately 45 kDA and is possibly a porin as it exhibits homology to the Pseudomonas porin protein (Murphy et al., 1993). Animal model
studies have indicated that both native and recombinant CD proteins are immunogenic
and both native and recombinant CD have been shown to protect against homologous and
heterologous M. catarrhalis challenge (Liu et al., 2007). Human studies have shown that
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CD-specific antibodies are detected in children with otitis media with the severity of disease inversely correlated with anti-CD titre (Harabuchi et al., 1998). Antibodies to CD
have also been detected in adults (Stutzmann Meier et al., 2003). Similar to CD, UspA
proteins are highly immunogenic and antibodies against the proteins have been detected
in children and adults indicating that it is expressed in vivo and may be a suitable vaccine
target.
The PspA proteins of S. pneumoniae are found in all clinically relevant serotypes and
are important for virulence in a number of mouse models of S. pneumoniae infection
(Ogunniyi et al., 2007). Despite exhibiting a high degree of sequence variation, PspA is a
promising vaccine candidate due to the extensive cross reactivity between different PspA
molecules from different strains (Briles et al., 2000b). The development of a protein vaccine against S. pneumoniae would be useful against the limitations of the current polysaccharide vaccine. Several animal model studies have shown that PspA immunisation elicits
protective responses against pneumococcal nasopharyngeal colonisation and invasive disease (Wu et al., 1997; Briles et al., 2003; Cao et al., 2007). Human studies have found
PspA to be immunogenic and furthermore, a recent study in antibody responses to PspA in
Finnish children showed that anti-PspA antibodies in saliva was associated with reduced
risk of subsequent pneumococcal otitis media indicating that vaccination with PspA may
elicit protective responses in humans (Simell et al., 2007).

1.5.4 Adjuvants
Adjuvants are important in vaccine development as they can enhance the immunogenicity
of the vaccine antigens to increase the magnitude and duration of the response by enhancing antigen presentation and/or the activation of antigen presenting cells (Pulendran and
Ahmed, 2006). Adjuvants that stimulate both humoral and cellular arms of the immune
response are particularly important when designing vaccines for mucosal immunisation,
since delivery of antigens to the mucosal surface can result in tolerance rather than protection if the immune response is insufficient.
The most common adjuvant in current parenterally administered human vaccines is aluminium salt (alum) which induces a predominantly antibody-mediated response. Many
other parenterally administered adjuvants also induce robust antibody responses, such as
the adjuvants composed mineral oils including Montanide adjuvants. Unfortunately, these
adjuvants may have limited benefits in T-cell or mucosal immunity.
The realisation that T-cell–mediated responses are essential in protection against certain
pathogens has led to interest in adjuvants that promote T-cell responses as well as humoral
responses. Additionally, adjuvants that promote the induction of mucosal immunity are
required as some of the most potent mucosal adjuvants, including the cholera toxin, are
toxic in humans. The search for more useful adjuvants has been aided by the discovery
of important pathogen recognition receptors (PRRs) of the innate immune system which
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are involved in the initial recognition of pathogens and vaccines and direct the subsequent
responses of the adaptive immune system. Understanding these PRRs and their agonists
have allowed for potential manipulation of the immune response, such as directing Th1
and/or Th2 responses.
Important PRRs and PAMPs to consider in vaccine design include members of the TLR
family. In humans and mice, a number of TLR families exist and different TLR family
proteins recognise different PAMPs. For example, LPS, a major component of the bacterial surface, stimulates TLR4, lipoproteins such as certain OMPs stimulate TLR2, while
CpG motifs in bacterial DNA are potent stimulators of TLR9 activation. Much research
has focused on the adjuvant capabilities of synthetic CpG ODN and the adjuvant capabilites of different sequences. The type B CpG ODNs appear very useful for vaccination
because they consist of a DNAase-resistant phosphorothioate backbone and are potent
stimulators of B cells (Krieg, 2002; Higgins et al., 2007). Furthermore, they have been
succesfully administered via mucosal routes in both animal models and humans (McCluskie and Davis, 1999; McCluskie et al., 2000). Thus, stimulation of these PRRs by
their respective agonists induce potent T-cell responses that can be exploited as vaccine
adjuvants.

1.6 Mouse models of respiratory infection and allergy
Due to the logistical and ethical difficulties in studying human diseases in vivo, animal
models of disease are commonly studied. Animal models have been indispensible in elucidating mechanisms of disease pathogenesis and protection, and for discerning potential
safety issues concerning treatment and vaccines prior to human trials. Mouse models
are particularly useful for a number of reasons. Firstly, mice share many immunological similarities with humans. Secondly, there is an wide range of genetically modified
mouse strains and reagents. Thirdly, mice are relatively inexpensive to maintain and their
use allows great control of experimental conditions. Care, though, must be taken when
translating information gleaned from animal models to humans.

1.6.1 Bacterial respiratory infection models
Many murine models of infection caused by the respiratory colonisers NTHi, S. pneumoniae and M. catarrhalis are available to study otitis media, sinusitis and pulmonary
infection. These murine infection models are particularly useful for studying the efficacy
of new vaccine candidates for protection against infection. However, a limiting factor
of these models is that these pathogens are not natural mouse pathogens and obtaining
disease that mimics that in human has been difficult, especially in terms of the immune
responses employed to fight infection.
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NTHi mouse models have been used in pneumonia, otitis media and colonisation studies.
Intratracheal instillation of a large bolus of bacteria is required for pulmonary infection
and has been used in many mechanistic and NTHi vaccine studies. However, the bacteria
are rapidly cleared from the lungs, typically over 24 hours, which is not representative of
infection in humans (Foxwell et al., 1998). To study NTHi in the middle ear, otitis media
is induced by inoculation of bacteria directly into the tympanic bulla, which has the disadvantage of bypassing the nasopharyx, the normal route of middle ear infection in humans.
To assess NTHi colonisation, NTHi are instilled intranasally into the nasopharynx, and
similarly to the lung infection models, can be rapidly cleared, making mechanistic studies
difficult.
For S. pneumoniae, infection models have been establised for otitis media, pneumonia,
sinusitis and colonisation. Otitis media models of S. pneumonae infection can involve
intranasal inoculation or direct middle ear inoculation. The intranasal inoculation method
has the advantage of resembling the route of pathogen entry in humans but has the disadvantage of only sporadic otitis media manifestation (Sabirov and Metzger, 2008). Others
have utilised a viral infection, such as influenza, to induce pneumococcal otitis media
in mice that were stably colonised with S. pneumoniae to study the interaction of virus
and secondary bacterial infection which is a common occurence in humans (McCullers et
al., 2007). Reproducible sinusitis models involve intranasal instillation of the pathogen,
following which bacterial clearance and histological evidence of infection can be determined from the sinuses (Bomer et al., 1998). Several studies have also used a combined
allergy and sinusitis model (Blair et al., 2001; Yu et al., 2004). Intranasal instillation
of S. pneumoniae is also useful for colonisation studies of the nasopharynx (Malley et
al., 2005). For pneumonia studies, intratracheal and intranasal instillation is common but
typically results in mortality. Nuermberger et al. (2005) recently showed that pneumonia
could be induced in mice following a low-dose S. pneumoniae aerosol challenge. However, for mice to succumb to infection, the were firstly immunosuppressed which is not
representative of disease in humans.
M. catarrhalis mouse models are generally difficult to study due to the rapid clearance
of bacteria (Sabirov and Metzger, 2008). The most common infection model invovles
inoculation of a bolus of M. catarrhalis suspension intratracheally, directly into the lungs
(Unhanand et al., 1992). This method however, is invasive and can be difficult to reproduce. Another infection model involved an aerosol challenge and although bacteria were
recovered from the lungs by 24 hours postchallenge, their numbers were minimal (Hu et
al., 1999).

1.6.2 Respiratory allergy models
Many murine models of asthma and allergic rhinitis exist and cover many of the hallmarks
of allergic disease, although debate rages as to the the usefulness of these models in
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mimicking human disease, especially as mice do not exhibit chronic symptoms and do
not require IgE for the generation of allergic inflamation (Epstein, 2004). Commonly,
induction of murine respiratory allergy consists of sensitisation by an allergen, typically
followed by a booster dose of allergen and finally a challenge dose of allergen to induce
allergic inflammation. A number of allergens have been used in these models including
OVA, house dust mite allergens and papain. These models can be used to study respiratory
allergy such as asthma and allergic rhinitis.
The most well documented respiratory allergy model is the OVA model which generally
involves systemic (e.g. intraperitoneal) sensitisation and boosting with OVA together with
alum as an Th2-skewing adjuvant, followed by intranasal, intratracheal or aerosol OVA
challenge. The OVA asthma model elicits many characteristics of human disease such as
AHR, eosinophilia, increased IgE, remodelling and induction of Th2 cytokines. OVA sensitisation has also been used for allergic rhinitis studies as well, with intranasal challenge
of OVA found to induce localised inflammation in the nose (Blair et al., 2001; Naclerio
et al., 2006). Although the OVA model is so extensively used and has helped to elucidate
many allergy mechanisms, a number of pitfalls of this model have been noted. Firstly,
the model relies on systemic sensitisation methods when sensitisation in humans would
originate from inhaled allergens. Secondly, adjuvant in the form of alum is required to
potentiate an allergic response. Thirdly, OVA is not a typical aeroallergen in humans and
thus not clinically relevant. To overcome some of these disadvantages, some studies have
utilised intranasal OVA sensitisation methods instead of intraperitoneal methods, although
these models are less common. The advantages of the OVA model include the availability
of OVA transgenic mice that aid in discerning OVA-specific T-cell responses as well as
the accessiblity of commercially available antibodies to anti-OVA–T-cell receptors.
Alternative allergy models to OVA exist and although some still employ the systemic sensitisation and local challenge route, others utilise a more "natural" intranasal sensitisation
route or use more clinically relevant aeroallergens such as house dust mites, cockroach,
fungi and industrial allergens. Some common human aeroallergens are biologically active
proteases. In particular, the major house dust mite allergens Der p 1 and Der f 1, from Dermatophagoides pterinusinus and Dermatophagoides farinae, respectively. These and the
plant-derived allergen papain are all cysteine proteases. Many of these proteases are believed to mimic Th2 cell adjuvants and promote IgE production and inflammation (Chapman et al., 2007). Allergy models using protease allergens have the advantage over OVA
as they can sensitise mice via the respiratory mucosae and hence may induce innate immune functions that are involved in effector responses to allergens that would be bypassed
in systemic OVA sensitisation methods (Boyce and Austen, 2005). Another advantage of
these allergens is that the addition of an adjuvant is not required for sensitisation. Some
allergens used in allergic rhinitis and asthma models are Aspergillus fumigatus allergens,
plant pollens (e.g. Japanese cedar allergen Cry j 1), house dust mite extracts and purified
proteins, and plant-derived proteins such as papain (Epstein et al., 2008; Nomiya et al.,
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2008).
One allergic sensitisation model used by our laboratory involves the papaya-derived cysteine protease known as papain. Papain is a common industrial additive and allergen
and is a homologue of the major house dust mite allergen Der p 1. Repeated intranasal
treatment with biologically active papain induces sensitisation in mice in the absence of
adjuvant and upon challenge, mice exhibit allergen specific IgE, eosinophila and Th2
cytokine induction (McGlade et al., 2007).

1.6.3 Combined allergy and infection models
As discussed earlier, the interaction between respiratory infection and allergy is important
yet unclear and warrants further study. Studies that combine infection and allergy mouse
models are thus useful for elucidating mechanisms pertinent to the hygiene hypothesis or
exacerbations of allergic disease caused by infection. Previous studies have examined the
interaction between allergy and respiratory infection, exposure to bacterial products, or
vaccination.
Respiratory infection and OVA-induced allergy models have provided insight into mechanisms underlying allergy and infection. For example, Blair and colleagues (2001) studied
the interaction of bacterial sinusitis and allergic rhinitis in a model of OVA sensitisation
and intranasal S. pneumoniae inoculation and determined that the allergy augmented the
bacterial infection, a finding that supports the increased prevalence of sinus disease in
observed in allergic rhinitis patients. Ennis and coworkers (2004) examined the interaction between whooping cough and asthma by studying intranasal B. pertussis infection
and OVA sensitisation and found that the bacteria modulated the response to OVA. A
P. aeruginosa intranasal infection and OVA-induced allergy model was used to determine
that allergic inflammation inhibited the innate antimicrobial defence mechanisms which
provided evidence that adaptive immune responses could modulate the innate immune
system (Beisswenger et al., 2006). Mycobacterial infection and OVA allergy models have
shown that infection significantly reduced the development of allergic characteristics (Erb
et al., 1998; Yang et al., 2002).
Other studies have evaluated the role of bacterial products on allergen sensitisation. For
example, Eisenbarth et al. (2002) found that low doses of LPS enhanced the allergic
response to OVA by increasing Th2 cytokines while high doses of LPS appeared to protect against sensitisation by increasing Th1 cytokines and reducing subsequent airway
inflammation. These findings supported the paradoxical observations of the effects of
LPS exposure in humans (Liu, 2002). The role of TLR9-activating CpG ODN in mouse
allergy models have also been performed. In a model of OVA-induced asthma, Kline et
al. (1998) demonstrated that the coadministration of CpG ODN and allergen prevented
allergic inflammation by reducing AHR, airway eosinophilia and Th2 cytokines. Hussain and colleagues (2002) investigated the effect of CpG ODN on OVA-induced allergic
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rhinitis and showed that CpG ODN suppressed eosinophillic inflammation and Th2 cytokine induction. These findings supported the role of CpG ODNs as potentially effective
antiallergy immunotherapy in humans.

1.7 Pasteurella pneumotropica as a model for disease research
As mentioned in the previous section, a limiting factor into the usefulness of many murine
models of human bacterial infection has been the paucity of natural infection models since
mice are not natural hosts of many human pathogens. A lot of pertinent information, however, has been gleaned from studies of natural murine infection such as lymphocytic choriomeningitis virus (LCMV; Thomsen, 2009), Salmonella typhimurium (House et al., 2001)
and Citrobacter rodentium (Borenshtein et al., 2008). Although not significantly relevant
as human pathogens, these models allow insight into the mechanisms involved in immunity to a natural infection and may even cause disease in mice that is similar to a human
disease. LCMV, for example, is likened to the "Rosetta Stone" of virology as many aspects of basic immune mechanisms have been revealed using this model. S. typhimurium
has been a useful model for human Salmonella typhi infection and C. rodentium infection in mice is a relevent model of enteropathogenic E. coli infection. Likewise, another
natural rodent pathogen, P. pneumotropica, has been used in models of respiratory and
oral disease and may be a useful model of natural respiratory infection and colonisation
(Chapes and Ganta, 2005).
P. pneumotropica is a Gram-negative coccobacilli, believed to be nonencapsulated, that
was first identified Jawetz (1948). This pathogen belongs to the family Pasteurellaceae
along with at least 12 other members, such as Haemophilus and Actinobaccillus, among
others. The members of the Pasteurellaceae family are common opportunistic pathogens
that are typically associated with the respiratory tract of various animals. P. pneumotropica is a natural coloniser of rodents and has been isolated from animals including hamsters, mice, rats and guinea pigs. On the rare occasion, this organism has caused disease
in humans, mainly due to close exposure to infected animals. P. pneumotropica typically
infects mucosal surfaces such as the respiratory, conjunctival and urogenital tract as well
as the skin. Although disease in immunocompetent animals is rare, immunocompromised
animals, and animals with predisposing primary infection such as Mycoplasma pulmonis,
can develop disease such as pneumonia. Additionally, infections such as conjuncitivitis,
otitis media and skin and uterus lesions are known to occur. Additionally, asymptomatic
infection P. pneumotropica infection is common in rodent colonies and may pose a problem to animal investigators by modulating murine experimental results.
Although P. pneumotropica infection models are not numerous, investigators have so far
determined important immunological mechanisms using this pathogen in natural host
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infection studies. In particular, one group of investigators used P. pneumotropica in a
model of pneumonia to determine aspects of innate immunity that may be important
for host pulmonary resistance particularly concerning space flight immunity. In these
studies, P. pneumotropica-induced pneumonia was studied in wild-type mice and mice
with genetic immune deficiencies (Chapes et al., 2001; Hart et al., 2003). In another
study, pulmonary P. pneumotropica infection was studied in a murine model of the severe acute respiratory syndrome (SARS) coronavirus (Ami et al., 2008). In this study,
mice were coinfected with the SARS coronavirus and P. pneumotropica to test the hypothesis that SARS coronavirus infection could be exacerbated by a low-grade bacterial
infection. P. pneumotropica was also used in a model of periodontal disease. Here, Kawai
et al. (2007) used P. pneumotropica as it was closely related to the human oral coloniser
known as Actinobacillus actinomycetemcomitans which is thought to be involved in periodontal bone loss in humans.
As shown for LCMV and C. rodentium, the understanding of human respiratory infection
may benefit from an animal model of natural host colonisation and infection. P. pneumotropica may be a useful organism for such a model as it is a natural pathogen of mice
and is related to the important human pathogen NTHi, hence, mechanistic studies will
allow the investigation of immune responses involved in colonisation and infection in a
natural setting. P. pneumotropica may also encode similar surface exposed antigens as the
important NTHi OMPs touted as vaccine candidates such as P6, P26, P4 and D15. This is
likely as these antigens are highly conserved and have been found in other Pasteurellaceae
family members such as P. multocida and A. pleuropneumoniae. These P. pneumotropica
OMPs will be useful for discerning the mechanisms of vaccine-mediated immunity in a
model of infection in a natural host. Moreover, the P. pneumotropica infection model
will also be helpful in studying the effect of allergy on immune responses to infection,
providing more insight into the interaction of infection and allergy.

1.8 Research aims
Our knowledge of the immune mechanisms concerning vaccine-mediated immunity to
respiratory bacteria, and the interaction of respiratory bacteria and allergy is scant. The
implications of such knowledge, such as aiding better vaccine development, and improving the mortality and morbidity rates for respiratory infection and allergy, are enormous.
The suitability of current animal models to study these mechanisms are also limited and
exploiting alternative models may be of benefit. Of particular interest are animal models
that allow the study of infection and allergy in a more natural setting.
This research aims to use a P. pneumotropica model of lung infection to study the mechanisms of protection induced by vaccination with clinically relevant OMPs. Additionally,
the P. pneumotropica infection model will be used to study the interaction between in63
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fection and respiratory allergy induced by the papain model of allergic sensitisation. The
specific aims of this study are thus to:
1. Develop a P. pneumotropica murine model that can be used to examine nasopharyngeal colonisation and lung infection.
2. Produce P. pneumotropica surface antigens that can be used for vaccination against
respiratory infection and study the ability of candidate surface antigen vaccines to
induce protective immunity and the mechanisms by which this occurs.
3. Study the effect of sensitisation to an aeroallergen (papain) on bacterial infection
and the effect of the infection on the allergen response.
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2.1 Materials
2.1.1 Animals
Female six to eight week old, P. pneumotropica-free, C57BL/6J mice were used for all animal experiments unless otherwise stated. Mice were obtained from the Animal Resources
Centre, Western Australia, and were maintained under specific-pathogen free conditions
in individually ventilated, isolator cages and were separated from other mice. Food and
water were supplied ad libitum.

2.1.2 Bacterial strains
2.1.2.1 P. pneumotropica strains
2280/98

Obtained from Animal Resources Centre, Western Australia.

C7584-1A Obtained from the University of Queensland.
D935A

Obtained from the University of Queensland.

E6144

Obtained from the University of Queensland.

D7545-1

Obtained from the University of Queensland.

Strains C7584-1A, D935A, E6144 and D7545-1 were a gift from Dr. P. Blackwell, University of Queensland. Frozen stocks of all strains were stored in brain heart infusion
(BHI) broth and 10 % glycerol at -80 ºC.
2.1.2.2 E. coli strains
Top10

F- mcrA ∆(mrr-hsdRMS-mcrBC) φ 80lacZ∆M15 ∆lacX74 recA1
araD139∆(ara-leu)7697 galU galK rpsL(StrR ) endA1 nupG (Invitrogen,
California, USA)

BL21StarTM DE3plysS F- ompT hsdSB (rB - mB - ) gal dcm rne131 (DE3) pLysS (CamR )
(Invitrogen)

2.1.3 Adjuvants
2.1.3.1 CpG ODN 1826
CpG ODN 1826, consisting of a nuclease-resistant phosphothioate backbone (5’ TCCATGACGTTCCTGACGTT 3’) was synthesised by Geneworks, South Australia. The CpG
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ODN 1826 was reconstituted to 10 µg/mL with distilled H2 O (Baxter Healthcare Pty. Ltd.,
New South Wales, Australia) with gentle vortexing, and stored at -20 ºC. To prepare the
vaccines for intranasal immunisation (described later) the antigen and CpG ODN adjuvant
were added together and mixed by pipetting.
2.1.3.2 Montanide® ISA 206
Montanide® incomplete SEPPIC adjuvant (MISA) 206 (SEPPIC, France; a gift from the
Tall-Bennet Group, New South Wales, Australia) is an oily adjuvant comprised of manide
oleate and mineral oil which was used to generate water-in-oil-in-water injectable vaccines that were administered to mice via the intraperitoneal route. The MISA 206 adjuvant was stored at room temperature (RT). To prepare injectable vaccines, the antigen and
adjuvant were added together and thoroughly mixed by vortexing for 30 s. Immediately
prior to administration, the emulsion was mixed again by drawing it up and down in the
glass syringe five times.

2.1.4 Chemicals and reagents
Chemicals and reagents and their suppliers are listed in Table 2.1.

2.1.5 Plasmid vectors
pQE-80L

Produces a recombinant protein with a 6×Histidine tag at the Nterminus of the protein of interest (QIAGEN, Hilden, Germany).

pGEX-2T

Produces a recombinant protein with glutathione-S-transferase
(GST) fused to the N-terminus of the protein of interest (Amersham,
Buckinghamshire, UK).

pGEM® -T Easy

A linear vector with 3’-T overhangs that allows cloning of DNA
inserts with a 3’-A overhang due to the terminal transferase activity of Taq polymerase (Promega Corporation (Promega), Wisconsin,
USA).

2.1.6 Antibodies
Antibodies used for DELFIA and T-cell purification and their suppliers are listed in Table
2.2.
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Table 2.1 List of chemicals and reagents used in the study.

Chemicals and reagents

Manufacturer

Acetic Acid, glacial

Riedel-de Haën, Seelze, Germany

Acetone

Merck, Pty. Ltd., Darnstadt, Germany

Acrylamide/Bisacrylamide solution, 30 %

Bio-Rad Laboratories (Bio-Rad),
California, USA

Adenosine triphosphate α−32 P

Amersham

Agarose

ProBiogen, Berlin, Germany

Ammonium oxalate

Merck

Ammonium persulphate

Bio-Rad

Ampicillin sodium salt

Amresco, Ohio, USA

Bacitracin zinc salt (70 000 U/g)

Sigma-Aldrich (Sigma), Missouri,
USA

Bacto® -agar

BD Biosciences (BD), New Jersey,
USA

Bacto® -tryptone

BD

Bovine serum albumin (BSA)

Sigma

Bovine serum albumin (BSA) for PCR

Promega

Brain heart infusion dessicated media

Oxoid, Hampshire, UK

Bromophenol blue

Sigma

Calcium chloride (CaCl2 )

Ajax Chemicals (Ajax), New South
Wales, Australia

Chloramphenicol

Sigma

Crystal violet

Sigma

Copper sulphate pentahydrate (CuSO4 ·5H2 0)

Asia Pacific Specialty Chemicals Ltd.,
New South Wales, Australia

DePeX mounting medium

Merck

Deoxynucleoside triphosphates (dNTPs)

Promega

Dynabeads® sheep anti-rat IgG

Invitrogen

Ethanol, absolute

Scot Scientific, New South Wales,
Australia

Ethanol, absolute (AnalR)

Merck

Ethidium bromide (10 mg/mL)

Amresco

Ethylenediamintetraacetic acid (EDTA)

Sigma

Europium-labelled streptavidin (1 mg/mL)

Perkin Elmer, Massachusetts, USA

Ficoll

MP Biomedicals, California, USA

Foetal Calf Serum (FCS)

MultiSerTM Cytosystems, New South
Wales, Australia

Folin and Ciocalteu’s Phenol Reagent

Sigma
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Chemicals and reagents

Manufacturer

Formaldehyde

Merck

Formamide, deionised

Sigma

Gel-Code Blue stain

Thermo Scientific, Massachusetts,
USA

Glucose, D-

Amresco

Glutathione, reduced

Amresco

Glutathione sepharose™4B

Amersham

Glycerol

Chem-Supply Pty. Ltd., South
Australia

Glycine

Amresco

Hydrochloric acid (HCl)

Scharlau Chemie SA, Barcelona,
Spain

Imidazole

Sigma

Iodine

Sigma

Isoflurane

Abbott Laboratories, Illinois, USA

Isopropyl-thio-2-D-galactopyranoside (IPTG)

Astral Scientific, New South Wales,
Australia

LB Agar

Sigma

L-cysteine

Research Organics, Ohio, USA

Magnesium chloride (MgCl2 )

Amresco

Magnesium chloride for PCR

Promega

Magnesium sulphate (MgSO4 )

Amresco

Methoxyflurane

Medical Developments Australia,
Victoria, Australia

Ni-NTA agarose

QIAGEN

O’GeneRuler 1 kb DNA Ladder (1µg/µL)

Fermentas, Ontario, Canada

Orange/blue 6× loading buffer

Promega

Papain

Sigma

Phenol:chloroform:isoamyl alcohol (P:C:I)

Sigma

Polyvinylpyrrolidone

Sigma

Potassium chloride (KCl)

Amresco

Potassium dihydrogen phosphate (KH2 PO4 )

Amresco

Potassium iodide (KI)

May & Barker Ltd., UK

RPMI 1640 media

Gibco, Invitrogen

Safranine-O

Hopkin & Williams, UK

SDS VII low molecular weight marker

Sigma

Sodium acetate

Amresco

Sodium azide (NaN3 )

Amresco

Sodium bicarbonate (NaHCO3 )

Amresco
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Chemicals and reagents

Manufacturer

Sodium carbonate (Na2 CO3 )

Amresco

Sodium chloride (NaCl)

Amresco

Sodium dodecyl sulphate (SDS)

Amresco

Sodium hydroxide (NaOH)

Merck

Sodium phosphate, anhydrous (Na3 PO4 )

Amresco

Sodium phosphate, dibasic, dihydrate

Amresco

(NaH2 PO4 ·2H2 0)

Sodium phosphate, monobasic (Na2 HPO4 )

Amresco

Tartaric acid

Merck

TEMED (N,N,N’N’-Tetra-methylethylenediamine)

Bio-Rad

Tris

Amresco

Tris-HCl

Amresco

Trisodium citrate

Biolab Pty. Ltd., Victoria, Australia

Triton-X100

Ajax

Trypan blue

Merck

Tween-20

Ajax

X-gal (5-bromo-4-chloro-3-indolyl-beta-D-

Promega

galactopyranoside)
Xylene cyanol

Ajax

Yeast extract

Oxoid

100 bp DNA Ladder

Promega
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2.1.7 Enzymes
2.1.7.1 Restriction enzymes
The restriction enzymes used were: EcoRI, BamHI, HindIII, NdeI, NcoI, SacI, PstI. All
restriction enzymes were obtained from Promega except PstI, which was obtained from
New England BioLabs (NEB), Massachusetts, USA.
2.1.7.2 Miscellaneous enzymes
The miscellaneous enzymes used and their suppliers are listed in Table 2.3.

2.1.8 Oligonucleotide primers for PCR and sequencing
Primers used for PCR and sequencing are listed in Table 2.4. All oligonucleotide primers
were obtained from Geneworks. Primers were reconstituted in TE buffer to a concentration of 10 mM and stored at -20 ºC.

2.1.9 Buffers and Solutions
All buffers and solutions were made up with deionised H2 O (MilliQ) and stored at RT
unless otherwise stated.
Ammonium persulfate stock
Ammonium persulfate

10 % (w/v)

Stored at 4 ºC for up to two weeks.
Ampicillin stock
Ampicillin sodium salt

100 mg/mL

Filter-sterilised through a 0.2 µm membrane and stored at -20 ºC.
Bacitracin stock
Bacitracin zinc salt

10000 U/mL

The pH was adjusted to 3.0 with H2 SO4 to ensure complete solubility of bacitracin. Filtered through a 0.2 µm membrane and stored as single use aliquots at -20 ºC.
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Table 2.2 Antibodies for DELFIA and T-cell purification.

Antibody

Conjugate

Clone

Manufacturer

α-mouse IL-4

Unconjugated

11B11

BD Pharmingen ™

BVD6-24G2

BD Pharmingen ™

TRFK5

BD Pharmingen ™

-

BD Pharmingen ™

JES5-2A5

BD Pharmingen ™

SXC-1

BD Pharmingen ™

XMG1.2

BD Pharmingen ™

-

BD Pharmingen ™

Biotin
α-mouse IL-5

Unconjugated
Biotin

α-mouse IL-10

Unconjugated
Biotin

α-mouse IFN-γ

Unconjugated
Biotin

α-mouse IL-13

Unconjugated

38213

R & D Systems Inc. (R & D),
Minnesota, USA

Biotin
α-mouse IL-17

α-mouse IL-21

α-mouse IgG1

-

R&D

50101

R&D

Biotin

-

R&D

Purified

-

R&D

Biotin

-

R&D

Biotin

-

Southern Biotechnology, Alabama,

Purified

USA
α-mouse IgG2c

Biotin

α-mouse IgE

Purified

R35-72

BD Pharmingen ™

α-mouse IgA

Biotin

C10-1

BD Pharmingen ™

α-mouse CD4

Unconjugated

GK1.5

BD Pharmingen ™

α-mouse CD8

Unconjugated

53-6.7

BD Pharmingen ™

Fc Block

Unconjugated

93

Tib-120

-

Southern Biotechnolgy

eBiosciences, California, USA

-

Produced in-house
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Table 2.3 Other enzymes used in this study.

Enzymes

Reaction Buffer

Manufacturer

Antarctic Phosphatase

10× Antarctic Phosphatase

NEB

Reaction Buffer
T4 DNA Ligase
GoTaq®

DNA Polymerase

Pfu DNA Polymerase

10× Ligation Buffer
5×

GoTaq®

Reaction Buffer

Pfu DNA Polymerase 10×

Promega
Promega
Promega

Reaction Buffer
Proteinase K

-

Sigma

RNAseA

-

Sigma

DyNAzyme™EXT DNA Polymerase

10×DyNAzyme Buffer

Finnzymes Oy,
Espoo, Finland

ExoSAP-IT®

-

USB Corporation,
Ohio, USA

T4 DNA Ligase

10× Ligation Buffer
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TCAACCACTGCATTTGCTG
GCGTTGTTCAACTTCCAATACG
ATTCGTGTKGAYGGTGTTCAAG
TTATTAGAACGTCCCACCAATGC
TACGCTCCCAAATAATCGTGC
GCATTTCCTGACGTAARG
TGATGTGAAAGCTTATCG
AGGTCGTCGTTTATCCGTTCG
TTCGCCAAGTTCAATTGAAGG
GGTAAGTTTAGCAGGCTCTCG
ACCAGCAGAAGCACGAATGC
TACCAAGAACCCTCCTGCTG
TCTCGAGAATATAATCGTGATC
TCTCTCGAGAATATAATCGTG
GCGGATCCGCCCCTTTCTTGGCAAAAGACATTCG
ACCAGCAGAAGCACGAATGC
TCACGCCTTTCACGAACTC
CGGAATTCTTGTAAATCTTTATCAAATTGGGTTGC
CGCTGCAGTTGTAAATCTTTATCAAATTGG
TCGGCGTTACCNCGAANGG

PpD15-1F

PpD15-1R

PpD15-2F

PpD15-2R

PpD15-3F

PpD15-3R

PpD15-4F

PpD15-5F

PpD15-6F

PpD15-7F

PpD15-7R

PpD15-8R

PpD15-9F

PpD15-10F

PpD15-12F

PpD15-16R

PpD15-17R

PpD15-20R

PpD15-22R

PplxpD-2R

D15 and P26

Sequence (5’−→3’)

Primer name

Target gene

Table 2.4 Oligonucleotide primers for PCR and sequencing.
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Isolation and sequencing

Cloning, PstI site incorporated

Cloning, EcoRI site incorporated

Sequencing

Sequencing

Cloning, BamHI site incorporated

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Sequencing

Isolation and sequencing

Isolation and sequencing

Sequencing

Isolation and sequencing

Isolation and sequencing

Isolation and sequencing

Isolation and sequencing

Primer type
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P4

P6

Target gene

TCRTCTAAGTTATCGCCYAC

AAGTCCGCTGCTCTACCGAC

tRNA-2R

PpOMP4-2R

AAGGTAACACCGATGAGCGTGG

PpOMP6-10F

TATGCKGGSTGGCAAGTWC

ATTTGAACATACTCACCTTCG

PpOMP6-9R

PpOMP4-1F

ATTTACAGCTCTACTCAAGG

PpOMP6-7F

CGGAATTCTTTCTTCTCTTCTGTTTTAGCCGGTGC

PpOMP26-17R

CGGAATTCGTATGCTAACACAGCACG

CGAAGCTTTTTCTTCTCTTCTGTTTTAGCGGGTGC

PpOMP26-16R

PpOMP6-4R

TGCTGTCGGTTTCAATTCAG

PpOMP26-15R

CGAAGCTTGTATGCTAACACAGCACG

GCGGATCCGATGAAAATATTGCATTTATTAACG

PpOMP26-11F

PpOMP6-3R

TGAAGAAGCCGCATTGAC

PpOMP26-10F

GCGGATCCAGTTCCTCTAGCAACGATGC

ATTGATRAWAAAATTGCCGC

PpOMP26-9F

PpOMP6-2R

TTGMDGCWTTRMAAAAAGATGC

PpOMP26-7F

GCGGATCCAGTTCCTCTAGCAACGATGC

TGACTTTTARWACWTCTTCAG

PpOMP26-3R

PpOMP6-2F

AAGTWACCGCACTTTCTTTAG

PpOMP26-3F

AGTTGCTGGTTCTGTTGCTG

TSWGTTATCGAATTGGYGCAG

PpYaeL-2F

PpOMP6-1F

Sequence (5’−→3’)

Primer name

Sequencing

Isolation and sequencing

Isolation and sequencing

Isolation and sequencing

Isolation and sequencing

Isolation and sequencing

Cloning, EcoRI site incorporated

Cloning, HindIII site incorporated

Isolation and sequencing

Cloning, BamHI site incorporated

Isolation and sequencing

Cloning, EcoRI site incorporated

Cloning, HindIII site incorporated

Isolation and sequencing

Cloning, BamHI site incorporated

Sequencing

Sequencing

Sequencing

Isolation and sequencing

Isolation and sequencing

Isolation and sequencing

Primer type
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16S

Target gene

TGCCTGAATCGCATCTAAACG

PpOMP4-8R

TTCCCTAAGGCACAAAACTA

CGAAGCTTCTATTTGCCGTCCCGTGCCTGAATCG

PpOMP4-7R

Pp16SJ-R

ATTTCCGCTTTTGTATTGGC

PpOMP4-7F

ACAGGAGAAAGCTTGCTNTC

CGGAATTCCTATTTGCCGTCCCGTGCCTGAATCG

PpOMP4-6R

Pp16SJ-F

GCGGATCCTCTGCACACAAAATGGATTCACAAG

PpOMP4-6F

TCCCGTATCTCTACAGGA

TACCTTTATGGGAGTTTACG

PpOMP4-5R

Pp16SH-R

CAAGGTTATGAAATCGTGC

PpOMP4-4F

GTTTGGTTAATAGCCAAGC

ACGCCAGTAAAGCCCAAACG

PpOMP4-3R

Pp16SH-F

Sequence (5’−→3’)

Primer name
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Biotyping

Biotyping

Biotyping

Isolation and sequencing

Cloning, HindIII site incorporated

Isolation and sequencing

Cloning, EcoRI site incorporated

Cloning, BamHI site incorporated

Inverse PCR

Inverse PCR

Sequencing

Primer type
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C HAPTER 2
Blocking buffer
Tris-HCl

50 mM

NaCl

32m M

NaN3

16 mM

BSA

0.5 %

The pH was adjusted to 7.4 prior to the addition of BSA. Blocking buffer was stored in
50 mL aliquots at -20 ºC.

Blocking buffer for cytokine DELFIA
Tris-HCl

50 mM

NaCl

32m M

NaN3

16 mM

BSA

1%

The pH was adjusted to 7.4 prior to the addition of BSA. Blocking buffer was stored in
50 mL aliquots at -20 ºC.

Carbonate coating buffer
Na2 CO3

100 mM

NaHCO3

100 mM

The pH was adjusted to 9.6 and then stored in 50 mL aliquots at -20 ºC.

Chloramphenicol stock
Chloramphenicol

34 mg/mL

Prepared in absolute ethanol (Molecular Biology Grade) and stored at -20 ºC. Chloramphenicol was added to molten agar, cooled to 50 ºC.
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Copper-Tartrate-Carbonate (CTC) solution
CuSO4 ·5H2 0

0.1 % (w/v)

Tartaric acid

0.2 % (w/v)

Na2 CO3

10 % (w/v)

Counterstain (6×)
Safranine-O

2.5 % (w/v)

Prepared in absolute ethanol.
Crystal violet stain
Crystal violet

7.7 % (w/v)

Ethanol (absolute)

38.5 % (v/v)

Oxalate stock solution

61.5 % (v/v)

Decolouriser
Ethanol (absolute)

50 % (v/v)

Acetone

50 % (v/v)

DELFIA wash buffer
Tris-HCl

50 mM

NaCl

0.9 % (w/v)

Tween-20

0.05 %(v/v)

Denhardts solution (100×)
Ficoll

2 % (w/v)

BSA

2 % (w/v)

Polyvinylpyrrolidone

2 % (w/v)

EDTA

10 mM
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dNTP mix
dATP

2.5 mM

dTTP

2.5 mM

dCTP

2.5 mM

dGTP

2.5 mM

Prepared in distilled H2 O and stored in 50 µL aliquots at -20 ºC.
Elution buffer
NaH2 PO4

50 mM

NaCl

600 mM

Imidazole

100 mM

Folin’s reagent
CTC

25 % (v/v)

SDS (10%)

25 % (v/v)

NaOH

0.2 M

Stored, protected from light, for up to two weeks.
GKN
D-glucose

11 mM

KCl

5.5 mM

NaCl

137 mM

Na2 HPO4

25 mM

NaH2 PO4 ·2H2 O

5.5 mM

Filter sterilised through a 0.2 µm membrane and stored at 4 ºC.
GKN-BSA
As GKN buffer except for the addition of 0.2 % (w/v) BSA.
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GKN-5
As GKN buffer except for the addition of 5 % (v/v) sterile FCS.
Glucose (1 M)
Filter sterilised through a 0.2 µm membrane.
Glutathione elution buffer
Tris

50 mM

Glutathione (reduced)

10 mM

The pH was adjusted to 8.0 and the buffer was stored at -20 ºC and thawed on ice when
required.
Hybridisation buffer
Denhardt’s solution (100×)

1 % (v/v)

SSCE (20×)

25 % (v/v)

Denatured salmon sperm (500 ng/mL) 0.05 % (v/v)
Formamide

50 % (v/v)

Prepared with distilled H2 O and stored at 4 ºC.
IL-10 coating buffer
Na3 PO4

0.2 M

pH adjusted to 6.4 before to storing in 50 mL aliquots at -20 ºC.
Iodine solution
Iodine

0.33 % (w/v)

KI

0.67 % (w/v)

NaHCO3

1 % (w/v)
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Isopropyl-thio-2-D-galactopyranoside (IPTG)
IPTG

200 mg/mL

Filter sterilised through a 0.2 µm membrane and stored at -20 ºC.
Lavage buffer
BSA

0.2 % (w/v)

Prepared in PBS and stored at 4 ºC.
L-cysteine
L-cysteine

500 mM

Prepared in distilled H2 O and stored at 4 ºC for up to a week.
Loading buffer for PAGE
Bromophenol blue

0.25 % (w/v)

Xylene cyanol

0.25 % (w/v)

Glycerol

30 % (v/v)

Stored in 3 mL aliquots at -20 ºC.
Lower gel buffer
Tris-HCl (pH 8.8)

1.5 M

SDS

0.4 % (w/v)

Stored at 4 ºC.
Lysis buffer
NaH2 PO4

50 mM

NaCl

600 mM

Imidazole

20 mM

The pH was adjusted to 8.0 with NaOH.
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Mg2+ (2 M)
MgCl2

1M

MgSO4

1M

Filter sterilised through a 0.2 µm membrane filter.
Oxalate stock solution
Ammonium oxalate

1 % (w/v)

Papain stock
Papain

10 mg/mL

Prepared using distilled H2 O and stored at 4 ºC.
PBS
NaCl

1.4 M

KCl

2.7 mM

Na2 HPO4

8 mM

KH2 PO4

1.5 mM

The pH was adjusted to 7.4 using NaOH, sterilised by autoclaving and stored at 4 ºC.
Proteinase K
Proteinase K

20 % (w/v)

Prepared in distilled H2 O and stored at -20 ºC.
Ribonuclease (RNAse) A
RNAse A

10 mg/L

Tris-HCl

10 mM

NaCl

15 mM

Prepared using distilled H2 O, adjusted to pH 8.0 and incubated at 100 ºC for 15 min then
allowed to cool to RT. The RNAse A solution was then stored in 200 µL aliquots at -20 ºC.
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SSC (20×)
Trisodium citrate

0.3 M

NaCl

3M

The pH was adjusted to 7.0.
SSCE (20×)
Trisodium citrate

0.3 M

NaCl

3M

EDTA

0.1 M

The pH was adjusted to 7.0.
SDS stock
SDS

10 % (w/v)

TAE buffer (50×)
Tris

2M

Glacial acetic acid

5.7 % (v/v)

EDTA

50 mM

Tank buffer (5×)
Tris

124 mM

Glycine

1M

SDS

0.5 % (w/v)

TE buffer (pH 8.0)
Tris-HCl

10 mM

EDTA

1 mM
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Trypan blue stock
Trypan blue

1 % (w/v)

The stock solution was made up in PBS. A working solution of trypan blue was made by
diluting the stock solution 10-fold in PBS then filtering through a 0.8 µm membrane.
Upper gel buffer
Tris-HCl (pH 6.8)

0.5 M

SDS

0.4 % (w/v)

Stored at 4 ºC
Wash buffer
NaH2 PO4

50 mM

NaCl

600 mM

Imidazole

50 mM

The pH was adjusted to 8.0 with NaOH.
X-gal stock
X-gal

20 mg/mL

Prepared using dimethlyformamide and stored in 1 mL aliquots, protected from light, at
-20 ºC.

2.1.10 Culture media
Media was made as per manufacturer’s instructions. Deionised H2 O was used for all
media. Media was sterilised by autoclaving, and then stored at RT unless otherwise stated.
2.1.10.1 Liquid media
Brain heart infusion (BHI) broth
BHI

3.7 % (w/v)
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Luria-Bertani (LB) broth
Bacto™-tryptone

1 % (w/v)

Yeast extract

0.5 % (w/v)

NaCl

1 % (w/v)

RPMI

Filter sterilised through a 0.2 µm membrane filter and stored at 4 ºC.

SOC
Bacto™-tryptone

2 % (w/v)

Yeast extract

0.5 % (w/v)

NaCl

0.58 g/L

KCl

0.19 g/L

SOC media was sterilised in 100 mL aliquots. When cool, 1 mL of sterile 2 M Mg2+ and
1 mL of sterile 1 M glucose were added.
2.1.10.2 Solid media
BHI agar This was prepared by adding 1.5 % Bacto™-agar (w/v) to liquid media prior
to autoclaving.
LB agar
LB agar

3.5 % (w/v)

2.2 Methods
2.2.1 General bacterial methods
2.2.1.1 Bacteriology
P. pneumotropica cultures P. pneumotropica cultures were grown on BHI agar or BHI
broth. P. pneumotropica grown on solid media were incubated at 37 ºC for at least 24 h.
To obtain broth cultures of P. pneumotropica, a single colony was aseptically inoculated
into 50 mL of prewarmed BHI broth and grown at 37 ºC overnight (ON) with shaking
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(100-200 rpm). Bacitracin, to a final concentration of 1000 U/L, was added to BHI agar to
aid isolation of P. pneumotropica from mouse lung homogenates or nasal washes. P. pneumotropica colonies on BHI agar plates were only viable for up to 3 days when stored at
4 ºC.
E. coli cultures E. coli cultures were grown on LB agar or in LB broth. E. coli grown
on solid media were incubated at 37 ºC ON. Broth cultures of E. coli were obtained by
aseptically inoculating a single colony into broth and incubating at 37 ºC ON with shaking
(100-200 rpm). When required for selection, ampicillin and/or chloramphenicol were
added to agar at a final concentration of 100 µg/mL and 34 µg/mL respectively.
2.2.1.2 Gram stain
A colony of interest was suspended in PBS on a glass slide. The bacterial suspension
was allowed to dry on the slide by gentle heating over a Bunsen flame then heat-fixed by
passing through the flame three times. The slide was cooled to RT then saturated with
crystal violet stain for 20 s. The slide was rinsed with deionised H2 O then saturated with
iodine solution for another 20 s. The slide was rinsed again with deionised H2 O followed
by a rinse with decolouriser for 5 s or until the lightest coloured part of the bacterial smear
was no longer coloured. The decolouriser was rinsed off with deionised H2 O and the slide
then saturated with counterstain for 20 s. Following a final rinse with deionised H2 O, the
slide was carefully blotted dry with Whatman 3MM chromatography paper (3MM) and
examined under oil immersion by light microscopy.
2.2.1.3 Chemically competent cells
Preparation of chemically competent cells Chemically competent TOP10 or
BL21StarTM DE3plysS cells were prepared by inoculating a single colony from a freshly
streaked plate into 5 mL of LB broth and incubating ON at 37 ºC with agitation. This
starter culture was diluted 1:100 in LB broth and grown at 37 ºC with shaking until the
OD600 reached 0.6. The culture was then cooled on ice and centrifuged at 3000 × g for
5 min at 4 ºC. The supernatant was discarded and the pelleted cells gently resuspended
with 0.4 volumes of ice-cold 50 mM CaCl2 . The cells were pelleted again as previously
stated and gently resuspended in 0.01 volumes of ice-cold 75 mM CaCl2 + 25 % glycerol.
Cells were snap frozen and stored at -80 ºC in single-use, 100 µL aliquots.
Transformation of chemically competent TOP10 and BL21StarTM DE3plysS cells
Competent cells were allowed to thaw on ice and 5 µL of ligation reaction was added
and gently mixed. The competent cell and ligation mix was incubated on ice for 15 min
for TOP10 cells, or 1 h for BL21StarTM DE3plysS transformation. Cells were then heat
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shocked at 42 ºC for 90 s, then incubated on ice for a further 2 min. The transformed cells
were allowed to recover by adding 0.9 mL of SOC broth and incubating at 37 ºC for 1 h
without shaking. Cells were concentrated by pelleting at 13 000 rpm for 1 min and then
resuspended in 200 µL LB broth. 100 µL of resuspended cells were plated in duplicate
onto predried LB agar plates containing the appropriate selection antibiotics.
Blue/white selection of T-vector transformations were conducted by spreading 40µL of
X-gal stock to agar plates and allowing the X-gal to dry prior to plating out bacteria.

2.2.2 General animal methods
2.2.2.1 Blood collection
Cardiac puncture The cardiac puncture method was performed on mice to be euthanised. Mice were sacrificed with an overdose of methoxyflurane or isoflurane prior
to cardiac puncture. Blood was collected by inserting a 23 gauge needle attached to a
1 mL syringe into the heart. Approximately 0.5-0.9 mL of blood was collected by this
method. Blood was allowed to clot at RT for 1-2 h before centrifugation at approximately
20 000 × g for 10 min at 4 ºC. The sera was collected and stored at -20 ºC until required.
Tail vein Mice were sedated with methoxyflurane and approximately 3 mm of the tail
tip was cut off using a pair of sharp surgical scissors. Blood flow was encouraged by
stroking the tail from the base to the tip and blood was collected as it emerged from the
cut tail. Typically, 100-200 µL of blood was collected by this method. Blood was allowed
to clot before centrifugation at approximately 20 000 × g for 10 min at 4 ºC. The sera was
collected and stored at -20 ºC until required.
2.2.2.2 Animal sedation and sacrifice
Mice were sedated by placing them into jars containing 1 mL of methoxyflurane. Mice
were sacrificed with an overdose of isoflurane or methoxyflurane. Mice were also sacrificed by cervical dislocation if nasal washes or BALF collection were not required as this
method had the propensity to damage the trachea.

2.2.3 Antibody and cytokine analysis
Antibody and cytokines were detected from murine samples using dissociation-enhanced
lanthanide fluorescent immunoassay (DELFIA). Vaccine-specific antibodies including
IgG1 and IgG2 were measured in sera, nasal wash and BALF. Vaccine-specific IgA was
measured in nasal washes and BALF. Papain-specific IgE, IgG1 and IgG2 were measured
from sera and cytokines were measured from BALF. The capture and detection antibodies
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used are listed in Table 2.2. The DELFIAs were performed in Nunc™ Nunclon, 96-well
microtitre plates and europium flourescence at 615 nm was measured in a Victor™ 3 spectrophotometer. Antibody and cytokine titres were determined using a standard curve and
GraphPad Prism® 4.0 software.
2.2.3.1 Antigen-specific IgG1, IgG2c and IgA detection
Plates were coated ON at 4 ºC with the antigen of interest diluted to 1 µg/mL in carbonate
coating buffer. Sequential incubations were then carried out at RT with agitation as follows: blocking buffer for 1 h; serum samples diluted 1:200 or nasal washes diluted 2-fold
in DELFIA assay buffer (Wallac Oy, Turku, Finland) for 2 h; the appropriate biotinylated
detection antibody (e.g. biotinylated anti-mouse IgG1 or biotinylated anti-mouse IgG2c)
diluted to 5 µg/mL in DELFIA assay buffer for 1 h; europium-labelled streptavidin for
30 min; and finally, enhancement buffer (Wallac Oy, Turku, Finland) for 15 min, kept out
of direct light. Plates were washed thoroughly with DELFIA wash buffer between incubations. Standard curves were obtained by including serially diluted anti-P. pneumotropica
reference serum.
2.2.3.2 Papain-specific IgE detection
Plates were coated ON at 4 ºC with anti-mouse IgE capture antibody diluted to 2 µg/mL
in carbonate coating buffer. Sequential incubations were carried out at RT with agitation as follows: blocking buffer for 1 h; serum samples diluted 1:200 in DELFIA assay
buffer for 2 h; biotinylated papain diluted to 2 µg/mL in DELFIA assay buffer for 1 h;
europium-labelled streptavidin for 30 min; and finally, DELFIA enhancement solution
for 15 min, kept out of direct light. Plates were washed thoroughly with DELFIA wash
buffer between incubations. Reference serum containing anti-papain IgE was measured
as a standard curve.
2.2.3.3 Cytokine detection
The cytokines IL-4, IL-5, IL-10, IFN-γ, IL-13, IL-17 and IL-21 were measured in BALF
samples. Cytokine capture antibodies were coated onto plates at 2 µg/mL ON at 4 ºC except for IL-13 and IL-21 capture antibodies which were coated at 4 µg/mL. The capture
antibodies were diluted to the appropriate concentration in carbonate coating buffer except for IL-13, IL-17 and IL-21 capture antibodies which were diluted in PBS, and IL-10
capture antibody which was coated in IL-10 coating buffer. Sequential incubations were
carried out at RT with agitation as follows: blocking buffer for 1 h; BALF samples diluted
two-fold in DELFIA assay buffer for 2 h the appropriate biotinylated detection antibodies diluted to 2 µg/mL in DELFIA assay buffer except for IL-13, IL-17 and IL-21 which
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were used at 0.2 µg/mL for 1 h; europium-labelled streptavidin for 30 min; and finally, enhancement buffer for 15 min, protected from direct light. Plates were washed thoroughly
with DELFIA wash buffer between incubations and standard curves were obtained using
known concentrations of the appropriate cytokines.

2.2.4 DNA manipulation and analysis
2.2.4.1 Genomic DNA extraction by phenol:chloroform:isoamyl alcohol (P:C:I)
method
An ON broth culture of P. pneumotropica was grown in BHI broth. 10 mL was pelleted
and then resuspended in 967 µL TE buffer. 30 µL of 10 % SDS and 3 µL proteinase K was
added to the bacteria suspension and then incubated at 37 ºC for 2 h or until the bacteria
were completely lysed and the solution was clear. 1 mL of P:C:I was added to the bacterial
lysate and mixed well by inverting. The phases were separated by centrifugation at 3000×
g for 20 min. The aqueous, upper phase containing DNA was removed into a new tube to
which 1 mL P:C:I was added, mixed, and centrifuged as previously. The aqueous phase
was removed to a clean tube and the DNA was ethanol precipitated (described further
below). The DNA was then gently resuspended in 1 mL TE. Contaminatng RNA was
removed by adding 5 µL of RNaseA and incubating at 37 ºC for 30 min. The RNAseA
was removed by adding 250 µL of P:C:I to the DNA solution which was then mixed and
centrifuged at 3000 × g for 20 min at 4 ºC. The aqueous phase was transferred to a clean
tube and ethanol precipitated as previously mentioned. The DNA was resuspended in
200 µL of TE and stored at -20 ºC.

2.2.4.2 Restriction enzyme digests for cloning
Digests to prepare plasmid vectors and DNA inserts for ligation were conducted in 40 µL
volumes containing the appropriate 1× restriction enzyme buffer, 100 µg/mL BSA, 10 U
of restriction enzyme and distilled H2 O, for 3 h at the appropriate temperature suggested
by the manafacturer. Where a sample was to be digested with more than one restriction
enzyme that required different buffers, the enzyme with the lower NaCl requirement was
added first and incubated in the appropriate buffer for 3 h. Following the first incubation, the NaCl concentration of the reaction was adjusted to suit the requirements of the
second enzyme. The second enzyme was then added to the adjusted reaction mix and
incubated for a further 3 h. Completed restriction enzyme digests were stored at -20 ºC
until analysed by agarose gel electrophoresis.
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2.2.4.3 Polymerase chain reaction (PCR)
Conventional PCR Polymerase chain reactions were performed in 20 µL volumes in a
GeneAmp PCR System 9700 thermocycler. Unless otherwise stated in Table 2.5, all PCR
reactions contained 1× supplied reaction buffer, 2 mM MgCl2 , 0.2 mM of each dNTP,
1 µM of each primer, 1-10 ng of DNA template, and 1 U of Pfu, DyNAzyme EXT, or GoTaq polymerase. Pfu and DyNAzyme EXT polymerases were used for amplifying DNA
for downstream cloning or sequencing while GoTaq polymerase was used for 16S biotyping of P. pneumotropica or for screening of bacterial transformants. Cycling conditions
for PCR included an initial denaturation step at 94 ºC for 3 min followed by 35-40 cycles
of denaturation at 94 ºC for 30 s, annealing at 40-55 ºC for 30 s, and extension at 68-72 ºC
for 30-120 s. This was followed by a final extension step at 68-72 ºC for 5 min. Specific
annealing temperatures for each primer pair are listed in Table 2.5. Reactions were then
stored at 4 ºC until analysed.

Inverse PCR Inverse PCR reactions differed from conventional PCR reactions in that
the oligonucleotide primers were orientated in the reverse direction to normal. Thus,
inverse PCR was used to detemine the unknown sequences flanking a region of known sequence. To prepare the template DNA for inverse PCR, the template was firstly digested
with an appropriate restriction enzyme, determined by Southern blot, that resulted in gene
of interest to be contained in a DNA fragment of known size. A digestion reaction containing 10 µg of genomic DNA was digested in a 40 µL volume containing the appropriate
1× restriction enzyme buffer, 10 µg/mL BSA, 10 U of the appropriate restriction enzyme
and distilled H2 O to make up the required volume. Restrictions digests were incubated
at 37 ºC for 3 h. The digests were separated on an agarose gel and the required range of
fragment sizes containing the gene of interest was excised from the gel and gel extracted.
The linear DNA fragments were then self-ligated to produce circularised DNA. This was
achieved by ligating 500 ng of the digested DNA with 3 U of T4 DNA ligase in a ligation
reaction containing 1× ligation buffer and distilled H2 O to a final volume of 50 µL. The
ligation reaction was incubated at 16 ºC ON. 10 ng of the resulting circularised DNA was
used as the DNA template for inverse PCR reactions. The inverse PCR primers used in
the study are listed in Table 2.4 and the conditions reactions conditions for inverse PCR
listed in Table 2.5.

Colony PCR Colony PCR was used to screen bacterial transformants and for 16S biotyping of suspected P. pneumotropica colonies. Colony PCR was performed as conventional PCR except that the DNA template was obtained from a single bacterial colony
suspended in the reaction mix. Bacterial colonies to be tested were transferred, using the
tip of a 20 µL micropipette tip, into PCR tubes containing the appropriate PCR reagents,
then onto LB agar plates supplemented with the appropriate antibiotics if the screening
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of bacterial transformants was to be conducted. The PCR was performed following the
appropriate cycling conditions (Table 2.5) while the agar plates were incubated at 37 ºC.
PCR products were then fractionated by agarose gel electrophoresis. Positive bacterial
transformants were grown in liquid media and stored as frozen glycerol stocks while
positive P. pneumotropica PCR reactions were digested with EcoRI to confirm biotype
(described further below).
2.2.4.4 Agarose gel electrophoresis
Following PCR or restriction digest, electrophoresis of DNA was conducted to separate
DNA fragments. Agarose gels (1 % w/v) were made using 1× TAE buffer. To visualise
the DNA, ethidium bromide was added to the molten agarose at a 1:10000 dilution. To
prepare DNA for electrophoresis, 6× blue/orange loading buffer was added to the DNA
sample to obtain a 1× loading buffer concentration. Electrophoresis was conducted at
80 V at RT, in 1× TAE buffer, for 45 min or until the dye front reached three quarters of
the length of the gel. Visualisation of DNA was performed in a GelDoc transilluminator
(Bio-Rad).
2.2.4.5 DNA quantitation and purity assessment
Spectrophotometric quantitation of DNA Genomic DNA was quantified spectrophotometrically by measuring the optical density of DNA at a wavelength of 260 nm (OD260 ).
An OD260 of 1.0 corresponded to 50 µg/mL of double-stranded DNA. Hence, the concentration of DNA present in a sample was calculated as follows:
DNA(µg/mL) = 50 µg/mL×A260 ×dilution factor
Agarose gel quantitation of DNA DNA fragments such as PCR products or linearised
vector were quantified by fractionating DNA fragments on an agarose gel and comparing
the intensity of fragments to DNA markers of known concentration. The O’GeneRuler
1 kb DNA ladder was used throughout this study to quantitate DNA fragments.
Purity of DNA The purity of genomic DNA was determined by the OD260 : OD280 ratio
where a result greater than or equal to 1.8 indicated pure DNA with minimal protein or
phenol contamination.

92

16S Biotyping

P4
778
778

P4 for pGEX-2T cloning

P4 for pQE80L cloning

937 or 564

3000

P4 inverse PCR

16S Biotyping PCR

750

424

P6 for pQE80L cloning

P4 isolation product/probe

424

557

P26 for pQE80L cloning

P6 for pGEX-2T cloning

557

P26 for pGEX-2T cloning

700

619

D15 for pQE80L cloning

P6 3’ flanking product

619

D15 for pGEX-2T cloning

343

650

P26 3’ flanking product

P6 5’ flanking product

2500

D15 3’/P26 5’ flanking product

402

1000

D15 5’ flanking product

P6 isolation product

543

P26 isolation product

P6

1021

D15 isolation product

D15 and P26

Size (~bp)

Product Name

Target Gene

Table 2.5 PCR products and reaction conditions.

Pp16SH-R
Pp16SJ-R

Pp16SJ-F

PpOMP4-7R

PpOMP4-6R

PpOMP4-5R

PpOMP4-8R

PpOMP6-3R

PpOMP6-4R

tRNA-2R

PpOMP6-9R

PpOMP6-10R

PpOMP26-16R

PpOMP26-17R

PpD15-22R

PpD15-20R

lxpD-2R

PpOMP26-15R

PpD15-3R

PpOMP26-3R

PpD15-3R

Reverse Primer

Pp16SH-F

PpOMP4-6F

PpOMP4-6F

PpOMP4-4F

PpOMP4-7F

PpOMP6-2F

PpOMP6-2F

PpOMP6-1F

PpOMP6-7F

PpOMP6-1F

PpOMP26-11F

PpOMP26-11F

PpD15-12F

PpD15-12F

PpOMP26-3F

PpD15-4F

PpYaeL-2F

PpOMP26-3F

PpD15-2F

Forward Primer

51

45

45

40

40

47

47

43

40

47

55

50

50

50

50

45

50

42

41.5

Annealing (ºC)

-

-

-

-

-

-

-

3mM MgCl2

-

-

-

-

-

-

-

DMSO

3mM MgCl2

-

-

Additional Conditions
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2.2.4.6 Ethanol precipitation of DNA
Ethanol precipitation of DNA was performed by adding 0.1 volumes of ice-cold 3 M
sodium acetate (pH 5.2) and 2.5 volumes of ice-cold absolute ethanol to the sample, mixing by inverting, then incubating at -80 ºC for 1 h or at -20 ºC ON. The DNA was pelleted
by centrifugation at approximately 20 000 × g for 20 min at 4 ºC, then rinsed with 200 µL
of ice-cold 70 % ethanol and then centrifuged again as previously. The supernatant was
removed and excess ethanol was allowed to evaporate by placing the uncovered tube in
a fume cupboard for 10 min. The DNA was then gently resuspended in TE and stored at
-20 ºC.

2.2.4.7 Phenol extraction
Phenol extraction was used to remove protein impurities contaminating DNA. An equal
volume of P:C:I was added to the DNA solution and mixed well by inverting. The aqueous
and nonaqueous phases were separated by centrifuging at approximately 12 000 × g for
10 min at RT and the aqueous phase or upper layer was transferred to a clean tube. The
above process was repeated until contaminating protein, seen as a white precipitate in
the interface of the two phases, was no longer observed. Ethanol precipitation (Chapter
2.2.4.6) of the DNA was then performed to remove residual phenol.

2.2.4.8 DNA ligation
Dephosphorylation of DNA Antarctic phosphatase was used to dephosphorylate linearised plasmid vectors prior to ligation in order to minimise recircularisation of empty
vectors. Antarctic phosphatase reaction buffer was added to digestion reactions at a 1×
concentration followed by 5 U Antarctic phosphatase. The reaction was mixed and incubated at 37 ºC for 30 min followed by heat inactivation at 65 ºC for 15 min.

Ligation reaction Ligations involved vectors (linearised plasmids) and inserts (DNA
fragments) and were conducted in 20µL volume reactions consisting of ligase buffer
(1×), 3 U of T4 DNA ligase, 100 ng plasmid vector, DNA insert at insert:vector ratios
of 3:1, 1:1 and 1:3, and distilled H2 O to make up the required volume. The following
equation was used to determine the required amount of insert:
ng insert =

insert
ng of vector × kb size of insert
× molar ratio of
kb size of vector
vector

Ligation reactions were incubated at 16 ºC ON and stored at -20 ºC until required.
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2.2.4.9 T-vector ligation
PCR products to be sequenced were cloned into T-vectors as described below, and transformed into TOP10 cells to obtain a stock of the amplified DNA.
A-tailing blunt-ended PCR fragments Blunt-ended PCR fragments, such as those
generated by Pfu polymerase, required an additional "A" overhang prior to T-vector ligation. This was achieved by A-tailing the PCR fragment using GoTaq polymerase. The
A-tailing reaction was performed in a 20 µL volume and consisted of 1× GoTaq polymerase buffer, 2.5 mM MgCl2 , 1 U Taq polymerase, dNTPs (0.25 mM), 10-100 ng of sample DNA, and distilled H2 O to make up the required volume. The reaction was incubated
at 72 ºC for 15 min and then stored at 4 ºC until required.
T-vector ligation reaction The T-vector pGEM® -T Easy Vector Systems kit (Promega)
was used for all T-vector cloning reactions. Ligations were conducted in 10 µL reaction volumes consisting of 1× Rapid Ligation Buffer, 3 U of T4 DNA ligase, 50 ng of
pGEM® -T Easy, and 3 µL A-tailed DNA. The ligation reaction was incubated at 20 ºC
for 1 h then transformed into chemically competent E. coli TOP10 cells. The screening of
bacterial transformants harbouring correct plasmids was aided by blue/white selection by
the addition of X-gal to agar plates prior to plating out bacteria.
2.2.4.10 Plasmid miniprep
Plasmids were purified from bacterial culture using the QIAprep Miniprep kit (QIAGEN).
All centrifugation steps were performed in a microcentrifuge at approximately 18 000 × g.
Bacterial clones harbouring plasmids of interest were grown ON in 5 mL of LB broth
containing the appropriate selection antibiotics and then pelleted in a microcentrifuge for
1 min. The bacterial pellet was resuspended in 250 µL of supplied Buffer P1. To lyse the
cells and shear genomic DNA, 250 µL of Buffer P2 was added to the resuspended cells
and mixed by inverting. 350 µL of Buffer N3 was then added and mixed by inverting
in order to precipitate the cellular debris and sheared genomic DNA. The debris was
pelleted by centrifuging for 10 min and the plasmid DNA was adsorbed onto the silica-gel
membrane of the supplied spin columns by applying the supernatant to the spin column
and centrifuging for 1 min. The membrane were centrifuged successively for 1 min with
500 µL of Buffer PB and 750 µL of Buffer PE followed by a final spin to remove residual
buffer. The plasmid DNA was eluted from the membrane by applying 100 µL of EB, prewarmed to 65 ºC, and incubating for 1 min at RT. The spin column was centrifuged for
1 min and the eluate transferred back to the membrane and incubated for a further minute
at RT. The column was centrifuged for a minute and the eluate containing plasmid DNA
was stored at -20 ºC.
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2.2.4.11 Extraction of DNA from agarose gels
The purification of DNA from agarose gels was performed using the QIAquick Gel Extraction Kit (QIAGEN). All centrifugation steps were performed in a microcentrifuge at
approximately 16 000 × g. Purification of DNA involved excising the DNA fragment of
interest from the agarose with a scalpel blade and dissolving the agarose in 3 volumes
of supplied QG buffer at 50 ºC. The dissolved agarose was adsorbed to the silica-gel
membrane of the spin column by centrifuging for 15 s. The column was centrifuged successively for 15 s with 500 µL of QG buffer followed by 750 µL of PE buffer and the
residual buffer removed by a final spin for 1 min. The DNA was eluted from the column
by applying 20-30 µL of EB, prewarmed to 65 ºC, and incubating at RT for 5 min. The
column was centrifuged for 1 min and the eluate containing the DNA was applied back
to the column and incubated at RT for a further 5 min. The column was centrifuged for a
final time for 1 min and the eluate containing the DNA fragments were stored at -20 ºC.
2.2.4.12 Sequencing
To prepare DNA samples for sequencing, aliquots of the PCR products were fractionated by gel electrophoresis then purified either by gel extraction (Chapter 2.2.4.11) or
by ExoSAP-IT treatment. ExoSAP-IT was used only if PCR products did not contain
non-specific bands when visualised on the agarose gel. To purify PCR products, 2 µL
of ExoSAP-IT was added per 5 µL of the post-PCR reaction and incubated at 37 ºC for
30 min. A further incubation at 80 ºC was required to inactivate ExoSAP-IT prior to
preparing the sequencing reactions.
All sequencing reactions were performed in a 10 µL volume consisting of 2.5 µL of gelextracted PCR product or ExoSAP-IT treated PCR product as the DNA template, 3.2 µM
of sequencing primer, 1× BigDye Terminator reaction buffer (Applied Biosystems, California, USA), 1 µL of BigDye Terminator (Applied Biosystems) and distilled H2 O to
make up the required volume. Sequencing primers used are listed in Table 2.4. The sequencing reactions were performed in a GeneAmp PCR System 9700 thermocycler (Applied Biosystems) and the cycles consisted of denaturation at 94 ºC for 30 s followed by
extension at 60 ºC for 10 s. The denaturation and extension cycles were repeated 45 times
and the reaction was then stored at 4 ºC until required.
The reactions were cleaned up to remove sequencing reagents prior to sequencing using
the DyeEx® Spin Kit 2.0 (QIAGEN). To prepare the column matrix, one DyeEx spin
column per sequencing reaction was vortexed prior to use then centrifuged at 750 × g
for 3 min. The spin column was then placed into a 1.5 mL microfuge tube containing
20 µL formamide. The entire sequencing reaction was transferred to the spin column
and centrifuged as previously mentioned. The eluate containing formamide was incubated at 94 ºC for 4 min and immediately stored at -20 ºC until processed. Sequencing
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was performed by staff in the Virology and Infectious Diseases Department at PathWest
Molecular Diagnostics using an ABI 3100 Avant Genetic Analyser (Applied Biosystems).
Sequencing results were then analysed using the MacVector® 9.0 software.
2.2.4.13 Southern Blot
Preparation of radio-labelled probes P4 probe for Southern Blot was labelled with
32 P and labelled using the DecaPrime™II kit (Ambion, Texas, USA). Probe DNA was
firstly produced by PCR and the primers used and the conditions of PCR are listed in
Table 2.4 and 2.5 respectively. Probe DNA was fractionated on an agarose gel, and then
purified by gel extraction. The purified probe DNA was diluted to a concentration of
2.5 ng/µL and 25 ng was denatured in 2× Decamer solution at 100 ºC for 5 min. The
denatured probe DNA was snap-frozen and stored at -80 ºC until required for the probelabelling reaction. The labelling reaction was performed in a 24 µL volume and consisted
of the thawed, denatured probe, 5 µL α −32 P(dATP), 1×supplied reaction buffer, 1 µL
Exo-Klenow, and distilled H2 O to the required volume. The reaction was incubated at
37 ºC for 10 min and 1 µL of 0.5 M EDTA was added to stop the reaction.
The excess reaction reagents were removed from the probe using Microspin™S-200 spin
columns (Amersham). The column matrix was prepared by vortexing briefly and centrifuging at 735 × g for 1 min. The entire labelling reaction was then applied to the matrix
and centrifuged again at 735 × g for 2 min. The eluate containing the purified, labelled
probe was measured for 32 P activity in a 1500 Tri-Carb® Liquid Scintillation Analyzer
(Canberra-Packard) and stored at -20 ºC.
Genomic DNA restriction digest Genomic DNA was digested with SacI, HindIII,
BamHI, EcoRI, NdeI and NcoI restriction enzymes before Southern blotting was performed. Seperate digests for each restriction enzyme contained 10 µg of genomic DNA
and 20 U of enzyme and were digested for 3 h. Half of the digested DNA was electrophoretically separated on a 1.2 % ultra pure DNA grade agarose gel run at 40 V while
the remaining DNA was stored at -20 ºC. The DNA was visualised under UV and the
distance of migration of the molecular weight markers were recorded.
Southern DNA transfer The digested DNA separated by gel electrophoresis was transferred to a nylon membrane following the Southern capillary transfer method (Southern,
1975). The DNA fragments in the gel were firstly denatured by soaking the gel in 0.4 M
NaOH at RT for 30 min. Three pieces of 3MM, cut to the same width but three times
the length of the gel, were pre-wet in 0.4 M NaOH and placed on an elevated surface in
a reservoir containing 0.4 M NaOH, ensuring that the ends of the filter paper were submerged, thus acting as wicks to draw up the alkaline to the gel. The gel was centred on top
of the filter paper and a piece of Biodyne® B nylon membrane, cut to the same dimensions
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as the gel, was placed on top of the gel taking care to avoid air bubbles. Three pieces of
3MM filter paper cut to the same dimensions as the gel, pre-wet with 0.4 M NaOH, were
placed on top the the nylon membrane followed by a stack of absorbant paper towels to
a height of 10-15 cm, which were weighed down to enhance the transfer. Following ON
transfer of DNA, the apparatus was dismantled and the nylon membrane was soaked in
2× SSC for 10 min at RT with gentle agitation, then air-dried at RT for 10 min prior to
proceeding to probe hybridisation.

Probe hybridisation The DNA was immobilised on the membrane by UV cross-linking
then rinsed in 1× TBS prior to prehybridisation with prewarmed hybridisation buffer for
1 h at 42 ºC in hybridisation tubes. Following prehybridisation, the radio-labelled probe
was denatured in 500 µL salmon sperm DNA at 100 ºC for 5 min and immediately chilled
on ice. The denatured probe was added to the hybridisation tubes at a concentration of
106 cpm/mL and allowed to hybridise ON at 42 ºC. Membranes were rinsed in 2× SSC
for 3 min at RT followed by successive rinses in the following solutions for 15 min at
RT: 2× SSC, 0.1 % SDS; 0.5× SSC, 0.1 % SDS; 0.1× SSC, 0.1 % SDS and finally 0.1×
SSC, 1 % SDS. Membranes were allowed to airdry for 10 min at RT then exposed to
autoradiographic film in a Kodak X-omatic cassette at -80 ºC ON and developed in a CP
1000 developer (AGFA, Mortsel, Belgium).

2.2.5 Protein manipulation and analysis
2.2.5.1 Polyacrylamide gel electrophoresis (PAGE)
Proteins were visualised by SDS-PAGE and Coomassie blue staining. Gels for SDSPAGE comprised of a 12.5 % lower phase gel and a 5 % upper phase gel. The lower phase
gel consisting of 12.5 % acrylamide/bis solution, 25 % (v/v) lower gel buffer, 0.05 % ammonium persulfate, and 0.2 % (v/v) TEMED, in distilled H2 O, was prepared and allowed
to set for 30 min at RT. An upper phase gel was consisting of 5 % acrylamide/bis solution,
24 % (v/v) upper gel buffer, 0.07 % ammonium persulfate, and 0.2 % (v/v) TEMED, in
distilled H2 O, was stacked on top of the lower phase gel. Proteins were separated at 200 V
until the dye front ran off the gel. Gels were then washed three times by submerging in
fresh deionised H2 O for 5 min with gentle rocking. Proteins were visualised by Coomasie
blue staining by submerging gels in GelCode Blue reagent for 3 h to ON with gentle rocking. Following staining, gels were submerged in fresh deionised H2 O with gentle rocking
until excess stain was removed. Gels were mounted on 3MM and dried at 80 ºC under
vacuum.
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2.2.5.2 Protein quantitation
The extinction coefficient method was used to quantify recombinant proteins. Protein
concentrations were determined by measuring the OD280 and calculating the extinction
coefficient (ε) and the OD280 of a 1 mg/mL solution of the protein of interest. The ε of a
protein is dependent on the numbers of tyrosine (nY), cysteine (nC) and tryptophan (nW)
residues present in the protein and was calculated as follows:
"
nC
+ 5500(nW)
ε = 1340(nY) + 500
2
!

The OD280 corresponding to 1 mg/ mL of protein (OD280 (1 mg/mL)) was then determined
using ε and the molecular weight of the protein in daltons (M) and calculated as follows:
OD280 (1 mg/mL) =

ε
M

where M = number of amino acids in protein × 110
The OD280 of the sample protein (xOD280 ) was then measured and the corresponding
protein concentration calculated using the following equation (Stoscheck, 1990):
protein (mg/mL) = xOD280

!

1 mg/mL
OD280 (1 mg/mL)

"

2.2.5.3 Dialysis of proteins
To dialyse protein, a length of cellulose dialysis tubing was prepared by soaking in hot
water for 1 min, then rinsed in deionised water. One end of the tubing was knotted off
and the protein solution was poured into the open end of the tubing. The open end was
then clamped to seal and the tubing was submerged in 5 L of the appropriate dialysing
buffer (e.g. PBS or Tris-HCl). The protein was dialysed ON at 4 ºC, then removed from
the tubing and stored at 4 ºC.

2.2.5.4 Concentrating proteins
Proteins were concentrated using Macrosep® 3K centrifugal devices (Pall Life Sciences,
New York, USA). The membranes were prepared by adding 5 mL PBS and centrifuging
for 10 min at 3000 × g. The protein to be concentrated was then added to the column and
centrifuged at 3000 × g until the required concentration was attained.
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2.2.5.5 Endotoxin removal from protein preparations
Endotoxin was removed from protein preparations prior to use in vaccines. Proteins to be
purified were passed through a Mustang® E filtration device (Pall) fitted to a syringe.

2.2.6 P. pneumotropica respiratory infection model
2.2.6.1 Inoculation of mice
To prepare the infection inoculum, 2 mL of an ON broth culture of P. pneumotropica was
pelleted, washed three times with PBS, and then resuspended in 1 mL PBS. The OD600
was measured and the suspension diluted until the OD600 corresponded to 1.25 × 109 cfu
per mL. 40 µL of the diluted bacterial suspension (i.e. 5 × 107 cfu) was instilled into the
nares of mice sedated with methoxyflurane. Following bacterial inoculation, mice were
checked three times daily by monitoring weight loss or by scoring mice based on physical
signs of disease. Mouse scores were as follows: 0, healthy with no obvious signs of
disease; 1, barely ruffled fur; 2, ruffled fur; 3, ruffled fur, hunched; 4, ruffled fur, hunched,
impairment of mobility; 5, moribund. Mice were euthanised if mouse scores were equal
to, or greater than 3, before the experiment end-point or if a 10 % drop in weight was
observed.
2.2.6.2 Collection of nasal wash, bronchoalveolar lavage fluid (BALF) and lungs
Lungs, BALF and nasal washes were collected for bacterial enumeration, differential cell
counts, antibody and cytokine analysis. Mice were euthanised and the lung vasculature
was perfused with 3 mL of PBS via the right heart ventricle. The left lung lobe was
clamped off prior to collecting nasal washes and BALF. The trachea was exposed and a
small incision was made in the trachea with a scalpel. To collect nasal washes, a canula
was inserted into the trachea, towards the anterior end of the mouse, and a syringe was
used to flush 0.7 mL of lavage buffer through the trachea and nasal passages. The nasal
wash fluid was collected as it emerged from the nares. To collect BALF, a canula attached
to a syringe was inserted into the trachea towards the posterior end of the mouse. Lungs
were lavaged twice with 0.4 mL lavage buffer followed by a final lavage with 0.5 mL
buffer and the lavages were pooled. The left lung lobe was then removed and lungs,
BALF and nasal washes were kept on ice until processed.
2.2.6.3 Enumeration of bacteria from lungs and nasal washes
Lungs were mechanically homogenised in 0.9 mL PBS using teflon-coated pestles and
glass tubes. 10-fold serial dilutions were then performed on the lung homogenate and
100

C HAPTER 2
appropriate dilutions were plated onto pre-dried BHI agar plates supplemented with bacitracin. Nasal washes were also serially diluted and plated onto BHI plates containing
bacitracin. Bacterial colonies were counted and recovered bacteria per mL was calculated.

2.2.6.4 Confirmation of P. pneumotropica biotype by PCR and EcoRI restriction digest
Bacterial colonies isolated from lung homogenates and nasal washes were confirmed to
be P. pneumotropica by 16S PCR and restriction digest as outlined in Kodjo, et al. (1999).
The primer sequences are listed in Table 2.4 and the PCR conditions listed in Table 2.5.
Isolates were screened with the P. pneumotropica-specific 16S primers and half of the
PCR reaction volume was analysed by agarose gel electrophoresis. Resulting fragments
were either 937 bp in size or 564 bp in size which corresponded to Jawetz and Heyl biotypes respectively. Digestion of the remaining PCR reaction volume was conducted by
adding 2 µL of the appropriate 10× restriction enyme buffer, 100 µg/mL BSA, 1 U of
EcoRI enzyme and distilled H2 O to a final volume of 20 µL. The digests were incubated
at 37 ºC for 1 h and analysed by agarose gel electrophoresis. Expected fragment sizes were
596 bp and 341 bp for the Jawetz biotype and 346 bp and 218 bp for the Heyl biotype.

2.2.6.5 Preparation of BALF for cytokine anaysis and differential cell counts
The BALF was analysed for differential cell counts and cytokine production. To prepare BALF for cytokine analysis, samples were centrifuged to remove airway cells. The
BALF was centrifuged at 1700 × g for 10 min at 4 ºC and the cell-free supernatant was
collected and stored at -20 ºC until analysis. The pelleted airway cells were then resuspended in 100 µL PBS. An aliquot of this suspension was further diluted in trypan blue
working solution (0.1 % (w/v) trypan blue) and viable counts were performed on a 10 µL
aliquot using trypan blue exclusion in a Nebauer (Hawksley, Sussex, UK) counting chamber. The remaining cell suspension was diluted to 5 × 105 cells/mL and 100 µL of this
dilution was prepared as a cell monolayer on glass slides using a cytocentrifuge (Shandon Elliott Cytospin). Cells were then differentially stained using a DiffQuik staining
kit (Lab Aids Pty. Ltd., New South Wales, Australia) which involved immersing slides
into fixative buffer five times, followed by Stain 1 six times, and Stain 2 five times. Coverslips were mounted onto slides using DePeX mounting medium and differential cell
counts performed by light microscopy to discern numbers of neutrophils, lymphocytes,
macrophages and eosinophils.
101

C HAPTER 2

2.2.7 Preparation of vaccine antigens
As described below, vaccine antigens were either comprised of individual P. pneumotropica outer membrane proteins expressed as recombinant fusion proteins or, as a killed,
whole cell preparation. The preparation of recombinant vaccine antigens involved cloning
the OMP gene sequences into expression vectors, inducing the expression of the recombinant proteins, and purifying recombinant proteins while the preparation of killed, whole
cell vaccines involved formalin treatment.
2.2.7.1 Recombinant protein antigens
The recombinant proteins were either produced as glutathione S-transferase (GST)-fused
proteins or as histidine (his)-tagged proteins. OMP genes from P. pneumotropica were
amplified by PCR and then cloned into E. coli expression vectors. The vectors used were
pQE-80L and pGEX-2T for generation of his-tagged and GST-fusion proteins respectively.
2.2.7.2 Primer design and PCR of OMP genes
To isolate P. pneumotropica OMP genes, isolation primers (see Table 2.4 and 2.5) were
firstly designed from homologous gene sequences from the related bacteria NTHi and
P. multocida. These isolation primers were used in PCR using genomic DNA (Chapter
2.2.4.1) from the five different P. pneumotropica strains as the DNA template. These PCR
fragments were confirmed by sequencing (Chapter 2.2.4.12) and sequencing primers used
are listed in Table 2.4.
To obtain complete sequences of the P. pneumotropica OMP genes, both flanking gene
PCR and inverse PCR strategies were utilised. For P6, P26 and D15 genes, the entire sequence was obtained by "flanking gene PCR" which involved designing primers that were
specific for genes flanking the gene of interest. Similarly to the isolation primers, these
flanking PCR primers were designed using homologous gene sequences from H. influenzae and P. multocida. To discern the entire P4 gene sequence, an inverse PCR strategy
was used (Chapter 2.2.4.3).
2.2.7.3 Cloning of OMP genes
The OMP genes to be cloned were amplified by PCR using primers containing restriction
enzyme sites for cloning. These primers are listed in Table 2.4. Amplified genes were
fractionated by agarose gel electrophoresis, purified by gel extraction, and digested with
the appropriate restriction enzymes. The digested gene fragments were then ligated into
the appropriately digested expression vectors and transformed into the E. coli expression
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strain BL21Star™ DE3pLysS. Bacterial transformants were screened by colony PCR and
selected positive clones were purified by plasmid miniprep. Confirmatory restriction digests were performed on the purified plasmid DNA and the positive clones were stored as
frozen glycerol stocks.
2.2.7.4 Induction of protein expression
GST-fused proteins One bacterial colony containing the expression vector with the correct insert was inoculated into 50 mL LB broth supplemented with ampicillin and chloramphenicol and incubated at 30 ºC ON with shaking (100 rpm). This starter culture was
diluted 20-fold in LB broth supplemented with 20 % glucose and the appropriate antibiotics and grown at 37 ºC with shaking at 200 rpm until the OD600 reached approximately
0.6. Protein expression was then induced by the addition of IPTG to a final concentration
of 0.1 M for 2 h at 37 ºC with shaking. Bacterial cells were then harvested by centrifugation at 4200 × g for 10 min at 4 ºC. The harvested cells were resuspended in 40 mL
ice-cold PBS and pelleted at 3400 × g for 10 min at 4 ºC. The supernatant was discarded
and the cell pellets were stored at -20 ºC until required.
His-tagged proteins One bacterial colony containing the expression plasmids with the
correct insert was inoculated into 50 mL LB broth supplemented with ampicillin and chloramphenicol and incubated at 30 ºC ON with shaking. This starter culture was diluted
20-fold in LB broth supplemented with the appropriate antibiotics and grown at 37 ºC
with shaking until the OD600 reached approximately 0.6. Protein expression was then
induced by the addition of IPTG to 1 M for 3 h at 37 ºC with shaking. Bacterial cells were
then harvested by centrifugation at 4200 × g for 10 min at 4 ºC. The harvested cells were
resuspended with 40 mL ice-cold PBS and pelleted at 3400 × g for 10 min at 4 ºC. The
supernatant was discarded and the cell pellets were stored at -20 ºC until required.
2.2.7.5 Purification of recombinant protein antigens
Preparation of cell pellets Cell pellets obtained in 2.2.7.4 were thawed on ice, weighed,
and resuspended in 5 mL per g with PBS + 1 % Triton X100 (v/v). Cells were disrupted
by sonication and cell debris was removed by centrifugation at 48 000 × g for 30 min at
4 ºC.
Purification of GST-fusion proteins Following sonication and clarification as detailed
above, the lysate, containing soluble proteins, was added to 2 mL of glutathione sepharose
prepacked in an Econocolumn (Bio-Rad) and the fusion proteins allowed to bind to the
sepharose by rotating for 30 min at RT. The column was washed with PBS to remove
nonrecombinant proteins. This washing step was performed until baseline OD280 was
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achieved (~ 0.1) and care was taken to avoid drying of the sepharose at any time. The
bound recombinant proteins were then eluted from the sepharose with glutathione elution
buffer. The eluate was collected as it emerged from the column in 1 mL fractions and
and analysed by PAGE. Prior to vaccination, GST-fusion preparations were dialysed and
endotoxin was removed by Mustang® E filtration (Chapter 2.2.5.5). The proteins were
stored at 4 ºC.
Purification of histidine-tagged proteins Following sonication and clarification as
above, the bacterial lysate, containing soluble proteins, was added to 2 mL of Ni-NTA
agarose prepacked in an Econocolumn (Bio-Rad). The lysate was allowed to bind to the
Ni-NTA by rotating at 4 ºC for 1 h. Following this binding step, the Ni-NTA agarose
was washed with wash buffer to remove nonbinding proteins. This washing step was
performed until baseline OD280 was achieved (~0.1). To elute bound, recombinant proteins, elution buffer was added to the Ni-NTA and the eluate collected in 1 mL fractions
and analysed by PAGE. Prior to vaccine administration, purified his-tagged proteins were
dialysed and endotoxin removed by Mustang® E filtration (Chapter 2.2.5.5) and proteins
were stored at 4 ºC.
2.2.7.6 Whole cell killed P. pneumotropica
To prepare the whole cell killed P. pneumotropica vaccine, a fresh ON broth culture of
P. pneumotropica was centrifuged at 3000 × g for 20 min at RT then resuspended in PBS.
The cells were pelleted and resuspended twice more before an aliquot was removed to
determine the OD600 and the corresponding cfu. Cells were then pelleted and killed by
resuspending in 0.5 % formaldehyde and incubating at RT for 1 h. Following incubation, cells were pelleted and resuspended three times in PBS following which the OD600
was measured to determine the approximate number of bacteria in the suspension. The
suspension was stored at 4 ºC.

2.2.8. Immunisation
2.2.8.1 Intranasal immunisation
Intranasal immunisation was performed on sedated mice and was achieved by instilling
10 µg of antigen together with 10 µg of CpG ODN adjuvant in a 40 µL volume made
up with PBS, onto the nares. The intranasal immunisation regimen consisted of two
doses of antigen + CpG ODN administered two weeks apart. A week following the final intranasal dose, mice were intranasally inoculated with approximately 5 × 107 cfu of
P. pneumotropica. Vaccine efficacy was determined by assessing the bacterial load from
lung homogenates and nasal washes 2 days following infection (Chapter 2.2.6.3).
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2.2.8.2 Immune responses induced by intranasal P6his immunisation - in vivo antigen
challenge model
To determine the immune responses induced by intranasal immunisation of P6his + CpG
ODN, an in vivo protein challenge method was developed. Mice were immunised as in
2.2.8.1. A week following the second immunisation, mice were challenged with 100 µg
of P6his and at 24, 48 and 72 h postchallenge, lungs, sera, nasal washes and BALF were
collected to determine cytokine and antibody induction (Chapter 2.2.3), as well as differential airway cell numbers (Chapter 2.2.6.5).
2.2.8.3 Intraperitoneal immunisation
Mice were injected via the intraperitoneal route with 30 µg of antigen and MISA 206 adjuvant at a 3:1 ratio in a 200 µL volume made up with PBS. The antigen and adjuvant mixture was vortexed prior to administration to ensure thorough mixing. The intraperitoneal
immunisation regimen consisted of two injections of antigen + MISA 206 administered 4
weeks apart. A week following the final injection, mice were intranasally inoculated with
approximately 5 × 107 cfu P. pneumotropica 2280/98 and the efficacy of vaccination was
determined by enumerating bacterial load from the lung homogenates and nasal washes of
mice. For whole cell P. pneumotropica vaccination, formalin-killed C7584-1A (Chapter
2.2.7.6) to an equivalent of 108 cfu of bacteria was administered together with MISA 206
as previously.
2.2.8.4 Anti-P. pneumotropica reference serum
Anti-P. pneumotropica reference serum for DELFIA was obtained by immunising mice
by intraperineal injection of whole cell killed P. pneumotropica 2280/98 every 4 weeks
for a total of 12 weeks. Blood was collected a week following the final injection and the
serum was stored at -20 ºC in 20 µL aliquots.

2.2.9 Adoptive transfer
2.2.9.1 Isolation of T cells
To determine if T cells were responsible for P6his mediated immunity, T cells were purified from P6his vaccinated mice by negative selection using antibody-coated, magnetic
bead technology (Dynabeads® , Invitrogen). T cells were isolated from lung-draining
lymph nodes (LDLN) and were kept on ice at all times during the procedure. All centrifugation steps were performed at 500 × g for 7 min.
To prepare T cells for adoptive transfer, mice were euthanised and LDLN were removed
and finely minced with a sterile scalpel blade. A single cell suspension in GKN-5 buffer
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was obtained by passing the minced LDLN through a nylon sieve. The cells were pelleted,
washed once with GKN-5 buffer then resuspended in 1 mL GKN-BSA buffer. Viable cell
counts were performed by trypan blue exclusion and cells were diluted to 107 cells/mL.
The cells were then incubated with 2.5 µL Fc Block per mL of cells for 5 min on ice, followed by 5 µL Tib-120 per mL for 30 min on ice. If negative isolation of CD4+ cells was
required, 5 µL of anti-CD8, per mL of cells, was added together with Tib-120. If negative isolation of CD8+ cells was required, 5 µL of anti-CD4, per mL of cells, was added
instead. Following incubation with antibodies, cells were washed once with GKN-BSA
and resuspended in 5 mL GKN-BSA. Dynabeads were added to the cells at three beads
per target cell and rotated, covered, at 4 ºC for 30 min. A magnetic particle separator
was used to collect bead-cell conjugates and the supernatant, which contained the cells of
interest, was collected. The bead-cell conjugates were gently resuspended in 5 mL GKNBSA, then placed back on the magnetic particle separator and the supernatant collected
and pooled. Total cell numbers were determined by trypan blue exclusion and the cells
were then washed twice with 0.9 % saline and resuspended in 0.9 % saline at a concentration of 1-5 × 107 cells per 200 µL. Flow cytometry confirmed that cells to be transferred
contained >89 % CD4+ or CD8+ T cells.
2.2.9.2 Adoptive transfer and infection
Approximately 1-5 × 107 cells in a 200 µL volume was adoptively transferred to naïve
animals via tail vein injection or retroorbital vein injection. An hour following adoptive
transfer, mice were intranasally infected with P. pneumotropica and 2 days postinfection
lungs, nasal wash and BALF were collected for bacterial enumeration and cytokine and
antibody analyses (Chapter 2.2.3 and 2.2.6).

2.2.10 Interaction of respiratory infection and respiratory allergy
To study the interactions between allergic inflammation and respiratory infection, a model
combining the papain-induced allergy model and the P. pneumotropica respiratory infection model was designed. Two scenarios were studied. Firstly, the effect of allergic
inflammation and concurrent infection was examined. Secondly, the interaction of respiratory colonisation and allergic inflammation was investigated.
2.2.10.1

Papain sensitisation model

Activation of papain The papain model of allergic inflammation consisted of an intranasal antigen sensitisation and boost regimen using activated papain. Activated papain
was prepared by diluting papain to 250 µg/mL to which L-cysteine to a final concentration of 0.4 µM was added. The mixture was incubated at 37 ºC for 10 min then used
immediately.
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Papain sensitisation Papain-induced allergic inflammation was achieved by an intranasal sensitisation, boost and challenge regimen with activated papain. To sensitise
mice, 10 µg of activated papain, in a 40 µL volume made up with PBS, was instilled into
the nares of sedated mice each day for five consecutive days. 17 days later, mice were
boosted by instilling 10 µg of activated papain into the nares of sedated mice each day for
five consecutive days. A control group of mice were sham-sensitised and boosted with
PBS and L-cysteine. 17 days following boost, mice were then challenged by intranasally
instilling 60 µg of papain each day for three consecutive days. At 1, 3 and 7 days after
the last challenge dose, sera was collected and assessed for papain-specific IgE (Chapter
2.2.3.2) , IgG1 and IgG2c (Chapter 2.2.3.1) by DELFIA. BALF was collected and assessed for IL-4, IL-5, IL-10 IFN-γ, IL-13, IL-17 and IL-21 levels by DELFIA (Chapter
2.2.3.3). Differential cell counts were also determined from the BALF (Chapter 2.2.6.5).

2.2.10.2 Concurrent respiratory allergy and infection
Mice were sensitised, boosted and challenged with papain as in 2.2.10.1. As a control, a
group of mice were sham-sensitised and boosted with PBS and L-cysteine. 24 h following
the final papain challenge dose, mice were intranasally infected with an estimated 5 × 107
cfu P. pneumotropica 2280/98. At 3, 4, 5 and 10 days after bacterial inoculation, sera
was collected to assess papain-specific IgE (Chapter 2.2.3.2), IgG1 and IgG2c (Chapter
2.2.3.1), and P6-specific IgG1 and IgG2c (Chapter 2.2.3.1). BALF was asssessed for P6specific IgA, IgG1 and IgG2c (Chapter 2.2.3.1), and differential cellular infiltrate (Chapter 2.2.6.5). Bacteria were also enumerated from lungs homogenates and nasal washes
(Chapter 2.2.6.3). IL-4, IL-5, IL-10, IL-13, IFNγ, IL-17 and IL-17 levels were analysed
in the BALF (Chapter 2.2.3.3).

2.2.10.3 Interaction of respiratory allergy and bacterial nasopharyngeal colonisation
Mice were sensitised and boosted with papain as in 2.2.10.1. Sham-sensitised and boosted
mice were used as a control. 14 days following the final boost, mice were intranasally
infected with approximately 107 cfu P. pneumotropica 2280/98. This reduced inoculum
was used to ensure that mice recovered fully from infection and did not harbour any
bacteria in their lungs prior to papain challenge. 7 days following the low grade bacterial
infection, mice were challenged with 60 µg papain for three consecutive days. On days
1 and 8 post-papain challenge, bacterial load was determined in lung homogenates and
nasal washes (Chapter 2.2.6.3). IgE, IgG1 and IgG2c papain-specific antibodies were
measured in the serum by DELFIA (Chapter 2.2.3.1 and 2.2.3.2). P6-specific IgG1 and
IgG2c were measured in the serum and P6-specific IgGa, IgG1 and IgG2c were measured
in the BALF (Chapter 2.2.3.1). BALF cytokines were also measured (Chapter 2.2.3.3).
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2.2.11 Statistical analyses
All statistical analyses were performed using GraphPad Prism® 4.0 software.
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3.1 Introduction

The protein surface antigens of bacteria are important targets for host immune responses
and many surface exposed OMPs are valid vaccine candidates for important pathogens
including NTHi, S. pneumoniae, H. pylori and N. meningitidis, to name a few. In NTHi
vaccine research, native and recombinant OMPs including P4, P6 and P26, have been
shown to enhance bacterial clearance in most NTHi rodent models (Green et al., 1993;
El-Adhami et al., 1999; Mason et al., 2004), while D15 was protective in H. influenzae
type b models (Thomas et al., 1990; Loosmore et al., 1997). However, because rodents
are not natural hosts of NTHi, determining the mechanisms involved in vaccine-mediated
protection is difficult. Controversially, studies to ascertain the efficacy of homologues of
these OMPs, in particular P6, in natural hosts have been unable show protection against
infection. For example, the efficacy of the P6-like protein and PalA, which are the P6
homologues of P. multocida and A. pleuropneumoniae respectively, have been studied
in turkeys (Kasten et al., 1997) and swine (van den Bosch et al., 2003). Unlike the
protective effect of P6 that was seen in the NTHi rodent studies, those investigators found
that the P6-like protein or PalA did not protect against infection in either turkeys or swine.
Additionally, in the swine A. pleuropneumoniae study, PalA vaccination interfered with
the protective effect of toxin vaccines which indicated that further study into P6-mediated
protection is required. Studies on the efficacy of P4, P26 or D15 in natural hosts are
lacking.

To assess the efficacy of the P4, P6, P26 and D15 OMPs in a natural host model and to
discern the mechanisms involved in protection, a P. pneumotropica infection of mice was
studied. P. pneumotropica is a Gram-negative, natural rodent coloniser which is organised
into two major biotypes named Jawetz and Heyl, based on xylosine and inositol reactivity
(Heyl, 1963). It was hypothesised that P. pneumotropica expresses homologues of NTHi
OMPs since some of these proteins are highly conserved among other Pasteurellaceae
members (Delamarche et al., 1995; Kasten et al., 1995; Frey et al., 1996; Mitchison et
al., 2000). This chapter details the first steps to determine the efficacy of OMPs using this
model, including the isolation and sequencing of DNA encoding the P. pneumotropica
OMPs that are homologous to the important NTHi OMPs P4, P6, P26 and D15. These
P. pneumotropica OMP sequences were then cloned into expression vectors to produce
recombinant polypeptides. Recombinant P6, P4 and P26 encompassed the entire, predicted mature protein sequence while for recombinant D15, a soluble, truncated version
was produced as previous studies indicated that the recombinant, full-length protein was
likely to be insoluble as it was expressed in inclusion bodies (Loosmore et al., 1997). This
is the first study to identify and sequence these P. pneumotropica OMPs.
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3.2 Results
3.2.1 Confirmation of P. pneumotropica strains by PCR, Gram stain
and colony morphology
P. pneumotropica-specific PCR with the primers Pp16SH-F, Pp16SH-R, Pp16SJ-F and
Pp16SJ-R (Kodjo et al., 1999) was performed on the five P. pneumotropica strains
(2280/98, C7584-1A, D935A, E6144 and D7545-1). DNA from four P. multocida strains
(Pm0332, Pm1448, Pm0384 and Pmhs) were included as controls and were obtained
from Princess Margaret Hospital, Western Australia. All five P. pneumotropica strains
produced a single band following PCR whereas no products were observed for any of
the P. multocida strains tested (Figure 3.1a). C7584-1A, 2280/98 and D935A produced a
band of approximately 950 bp which corresponded to the expected Heyl biotype product
of 937 bp (Kodjo et al., 1999). E6144 and D7545-1 strains produced a band of approximately 550 bp which corresponded to the expected Jawetz biotype product of 564 bp
(Kodjo et al., 1999). EcoRI digestion of the 950 bp fragment resulted in two fragments
of approximately 600 bp and 350 bp while digestion of the 550 bp product resulted in two
fragments of approximately 350 bp and 200 bp (Figure 3.1b).
To obtain colony morphology and confirm Gram stain phenotype of the P. pneumotropcia strains, frozen stocks of P. pneumotropica strains were grown on BHI agar at 37 ºC.
Following 24 h of growth, for 2280/98, C7584-1A and E6144, or 30 h, for D935A and
D7545-1, colonies were approximately 1-2 mm in diameter, smooth, and grey-yellow in
colour. Gram staining of the colonies resulted in pink-staining, small coccobacilli.

3.2.2 Design of P. pneumotropica OMP-specific primers
As detailed sequence data of P. pneumotropica was not available, the design of PCR
primers to amplify OMP homologues from P. pneumotropica relied on sequence data
from the related Pasteurellaceae family members NTHi and P. multocida. Whole-genome
seqeunce data from the NTHI strain 86-028NP and the P. multocida strain Pm70 were obtained from GenBank and their accession numbers are listed in Table 3.1. Sequence alignments of OMP P4, P6, P26 and D15 gene sequences from the NTHI 86-028NP and the
P. multocida Pm70 were performed using MacVector v 9.0 software. OMP-specific "isolation primers" were designed from the highly conserved gene regions uncovered in these
alignments and were used to amplify partial OMP coding sequences from the P. pneumotropica strains. The resulting PCR products were confirmed by sequencing, and will
be detailed later.
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Figure 3.1 P. pneumotropica-specific PCR and confirmation digest on P. pneumotropica and
P. multocida strains. (a) P. pneumotropica-specific PCR products. (b) EcoRI digest of
PCR products. Lanes are as follows: (1) 100 bp DNA ladder, (2) C7584-1A, (3) D935A,
(4) D7545-1, (5) E6144, (6) 2280/98, (7) Pm0332, (8) Pm0148, (9) Pm0384, (10) Pmhs,
(11) DNA-negative PCR control. Approximate sizes of the PCR products were 900 bp for
the Heyl strains and 550 bp for the Jawetz strains. EcoRI digest of the ~950 bp PCR product produced two fragments of 600 and 350 bp, while digestion of the ~550 bp PCR product
resulted in two fragments of 350 and 200 bp.
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Table 3.1 GenBank database accession numbers of NTHi and P. multocida OMPs used to design
P. pneumotropica-specific primers.

OMP

Pm strain and accession

NTHi strain and

number

accession number

P4

Pm70, AE006147

86-028NP, CP000057.2

P6

Pm70, AE006136

86-028NP, CP000057.2

P26

Pm70, AE006236

86-028NP, CP000057.2

D15

Pm70, AE006235

86-028NP, CP000057.2
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"Flanking-gene PCR" and inverse PCR strategies were then used to obtain the full-length
OMP coding regions. For P6, P26 and D15, analysis of the genes flanking these OMPs
in H. influenzae and P. multocida revealed shared synteny (Table 3.2). Hence, primers
based on conserved regions of these 5’ or 3’ flanking genes were designed. The flankinggene primers were paired with primers that bound within the OMP of interest in order to
amplify the 5’ or 3’ end of these OMPs. Sequencing of the flanking gene products allowed
the full coding region of the OMPs to be determined. For P4, no synteny was shared
between NTHi and P. multocida (Table 3.2) and instead, an inverse PCR strategy was
developed and involved SacI, EcoRI, HindIII, BamHI, NdeI and NcoI restriction enzyme
digest of genomic DNA from P. pneumotropica D7545-1 and Southern blot with a radiolabelled P4-specific probe. Southern hybridisation results determined that P4 existed on a
SacI fragment of approximately 4 kb. SacI digested fragments of genomic DNA between
2 to 6 kb were then purified, diluted and circularised before being used as a template for
inverse PCR.

3.2.3 OMP isolation and sequencing
3.2.3.1 P4
The P4-specifc isolating primers, PpOMP4-7F and PpOMP4-8R, produced bands of approximately 750 bp in E6144 and D7545-1, and faint bands of the same size in C7584-1A
and D935A which were too faint to be captured in the gel image (Figure 3.2). No bands
of the correct size was obtained for 2280/98. The D7545-1 and E6144 products were sequenced and their nucleotide sequences were found to be approximately 99.4 % identical
(Figure 3.3a). Sequence analysis of the deduced, partial amino acid sequences indicated
that there was one amino acid difference between the two strains, or a 99.5 % amino acid
identity and 100 % amino acid similarity (Figure 3.3b).
The D7545-1 strain was used to obtain the full-length coding region of P4, which was
822 bp and was predicted to encode a protein of approximately 25 kDa (Figure 3.4; GenBank accession EU822220). A predicted signal peptide of 20 amino acids was also identified. The D7545-1 P4 amino acid sequence exhibited 84 % identity and 91 % similarity
to the NTHi 86-028NP P4 and 60 % identity and 77 % similarity to the P. multocida Pm70
P4 (Table 3.3).
3.2.3.2 P6
The P6-specific isolating primers, PpOMP6-1F and PpOMP6-10R, were successful in
amplifying a partial P6 coding region of approximately 400 bp from all five P. pneumotropica strains (Figure 3.5). Nucleotide and amino acid sequence alignments of these

115

C HAPTER 3

Table 3.2 Comparison of genes from NTHi and P. multocida that flank the OMPs of interest.

P. multocida Pm70

NTHi 86-028NP
OMP

5’ flanking gene

3’ flanking gene

5’ flanking gene

3’ flanking gene

P4

pseudogene

rluE

polA

mtlR

P6

tolB

tRNA-lys

tolB

tRNA-lys

P26

D15

lpxD

D15

lpxD

D15

yaeL

P26

yaeL

P26
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Figure 3.2 Products obtained from PCR using P4-specific isolating primers PpOMP4-7F and
PpOMP4-8R. (1) D7545-1, (2) C7584-1A, (3) E6144, (4) 2280/98, (5) D935A, (6)
O’GeneRuler 1 kb DNA ladder. The predicted size of the PCR product was approximately
750 bp.
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a
E6144
D7545-1

1 GCTCAATTACAGCAACAAGCTGTGTTGGGATTGAACTGGATGCAAGATTC
1 ..................................................

50
50

E6144
D7545-1

51 CGGTGAGTATCAGGCGTTAGCCTACCAAGCCTATAATGCGGCGAAAGTGG 100
51 .................................................. 100

E6144
D7545-1

101 CATTTGATCAGGCAAAAGTGACAAAAGGTAAGAAAAAAGCGGTTGTCGTT 150
101 .................................................. 150

E6144
D7545-1

151 GATTTAGATGAAACGATGTTAGACAACAGCCCTTATGCCGGTTGGCAGGT 200
151 ...............................................A.. 200

E6144
D7545-1

201 GCAAAATAATAAGTCTTTCGATGGCAAAGATTGGACTCGTTGGGTTGAAG 250
201 .................................................. 250

E6144
D7545-1

251 CTCGTCAGTCCCGTGCAGTACCGGGGGCGGTAGAATTTAATAACTACGTA 300
251 .........................A........................ 300

E6144
D7545-1

301 AACTCTCATAAAGGTAAAGTATTCTATGTCACAAACCGTAAAGACAGTAC 350
301 .....C............................................ 350

E6144
D7545-1

351 GGAAAAAGCCGGCACTATTGATGATATGAAACGTTTGGGCTTTACTGGCG 400
351 .................................................. 400

E6144
D7545-1

401 TAGAGGAATCCGCATTTTATTTAAGAAAAGATAAATCATCCAAAGCAGAA 450
401 .................................................. 450

E6144
D7545-1

451 CGTTTTGCCGAAATTGAAAAACAAGGTTATGAAATCGTGCTTTATGTAGG 500
451 .................................................. 500

E6144
D7545-1

501 CGATAATTTGGATGACTTTGGTAACTCGGTGCACGGTAAACTCAATGCCG 550
501 .................................................. 550

E6144
D7545-1

551 AACGTCGAGATTTTGTGGCAAAAAATAAAGCAAAATTTGGTAAAACCTAT 600
551 .............................................A.... 600

E6144
D7545-1

601 ATTGTGTTGCCGAATGCAAACTATGGTGGCTGGGAAGGTGGTCTGAAAAA 650
601 .................................................. 650

E6144
D7545-1

651 AG 652
651 .. 652

b
E6144
D7545-1

1 AQLQQQAVLGLNWMQDSGEYQALAYQAYNAAKVAFDQAKVTKGKKKAVVV
1 ..................................................

50
50

E6144
D7545-1

51 DLDETMLDNSPYAGWQVQNNKSFDGKDWTRWVEARQSRAVPGAVEFNNYV 100
51 .................................................. 100

E6144
D7545-1

101 NSHKGKVFYVTNRKDSTEKAGTIDDMKRLGFTGVEESAFYLRKDKSSKAE 150
101 .................................................. 150

E6144
D7545-1

151 RFAEIEKQGYEIVLYVGDNLDDFGNSVHGKLNAERRDFVAKNKAKFGKTY 200
151 ................................................N. 200

E6144
D7545-1

201 IVLPNANYGGWEGGLKK 217
201 ................. 217
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Figure 3.3 Comparison of partial nucleotide and amino acids of P4 from P. pneumotropica E6144
and D7545-1. (a) Nucleotide sequence alignment of the P4 sequence obtained from strains
E6144 and D7545-1. (b) Alignment of the deduced P4 amino acid sequences. Identical
nucleotide bases or amino acids to the foremost sequence are indicated by a period. Where
sequences differ from the foremost sequence, the changed nucleotide base/amino acid is
noted.
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1

ATGAAAAAAACATTGAAACTAACTGCATTTGCTACGATTTCCGCTTTTGT 50
M K K T L K L T A F A T I S A F V

51

ATTGGCCGGTTGTGCACACAAAATGGATTCACAAGAACACGTACGTGCTC 100
L A G C A H K M D S Q E H V R A

101

AATTACAGCAACAAGCTGTGTTGGGATTGAACTGGATGCAAGATTCCGGT 150
Q L Q Q Q A V L G L N W M Q D S G

151

GAGTATCAGGCGTTAGCCTACCAAGCCTATAATGCGGCGAAAGTGGCATT 200
E Y Q A L A Y Q A Y N A A K V A F

201

TGATCAGGCAAAAGTGACAGAAGGTAAGAAAAAAGCGGTTGTCGTTGATT 250
D Q A K V T E G K K K A V V V D

251

TAGATGAAACGATGTTAGACAACAGCCCTTATGCTGGTTGGCAAGTGCAA 300
L D E T M L D N S P Y A G W Q V Q

301

AATAATAAGTCTTTCGATGGCAAAGATTGGACTCGTTGGGTTGAAGCTCG 350
N N K S F D G K D W T R W V E A R

351

TCAGTCCCGTGCAGTACCGGGAGCGGTAGAATTTAATAACTACGTAAACT 400
Q S R A V P G A V E F N N Y V N

400

CCCATAAAGGTAAAGTATTCTATGTCACAAACCGTAAAGACAGTACGGAA 450
S H K G K V F Y V T N R K D S T E

451

AAAGCCGGCACTATTGATGATATGAAACGTTTGGGCTTTACTGGCGTAGA 500
K A G T I D D M K R L G F T G V E

500

GGAATCCGCATTTTATTTAAGAAAAGATAAATCATCCAAAGCAGAACGTT 550
E S A F Y L R K D K S S K A E R

551

TTGCCGAAATTGAAAAACAAGGTTATGAAATCGTGCTTTATGTAGGCGAT 600
F A E I E K Q G Y E I V L Y V G D

600

AATTTGGATGACTTTGGTAACTCGGTGCACGGTAAACTCAATGCCGAACG 650
N L D D F G N S V H G K L N A E R

651

TCGAGATTTTGTGGCAAAAAATAAAGCAAAATTTGGTAAAAACTATATTG 700
R D F V A K N K A K F G K N Y I

700

TGTTGCCGAATGCAAACTATGGTGGCTGGGAAGGTGGTCTGAAAAAAGAC 750
V L P N A N Y G G W E G G L K K D>

751

TACTTCAAAGGGGATACCCAAAGTAAAATTAAAGCCCGTTTAGATGCGAT 800
Y F K G D T Q S K I K A R L D A I

801

TCAGGCACGGGACGGCAAATAG 822
Q A R D G K *

Figure 3.4 Complete nucleotide and deduced amino acid sequence of P4 from P. pneumotropica
D7545-1 (deposited into GenBank, accession EU822220). The complete coding region
of P4 was 882 nucleotides in length. The P4 precursor polypeptide was composed of 273
amino acids and predicted to be approximately 25 kDa. A predicted signal peptide sequence
was identified (underlined). The stop codon is indicated by an asterix.
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Table 3.3 Comparison of deduced P. pneumotropica OMP amino acid sequences to P. multocida
(Pm) and NTHi. The percentage identity and similarity of the P. pneumotropica OMPs to
their NTHi 86-028NP and Pm70 counterparts were determined.

OMP (strain)

% aa

% aa

% aa

% aa

identity to

similarity to

identity to

similarity to

NTHi OMP

NTHi OMP

Pm OMP

Pm OMP

P4 (D7545-1)

84

91

60

77

P6 (C7584-1A)

89

94

80

86

P26 (2280/98)

79

91

54

74

D15 (2280/98)

80

89

63

83
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Figure 3.5 Products obtained from PCR using P6-specific isolating primers PpOMP6-1F and
PpOMP6-10R. (1) O’GeneRuler 1 kb DNA ladder. (2) D7545-1, (3) C7584-1A, (4) E6144,
(5) 2280/98, (6) D935A. The predicted size of the PCR product was approximately 350 bp.

122

C HAPTER 3
partial sequences were performed and E6144 and D7545-1 nucleotide sequences were
100 % identical (Figure 3.6a). The C7584-1A and D935A sequences were also 100 %
identical but were notably distinct from the E6144 and D7545-1 sequences. Interestingly,
the 2280/98 sequence was distinct from the other sequences but shared a closer identity
to the C7584-1A and D935A strains. When the deduced amino acid sequences were analysed, the Heyl strains (E6144 and D7545-1) were found to be identical to each other,
whereas the Jawetz strains (2280/98, C7584-1A and D935A) were also found to be identical to each other (Figure 3.6b). Only one amino acid difference was noted between the
two biotypes (Figure 3.6b).
The full-length coding region of the P6 gene was obtained from strain C7584-1A and was
found to be 471 bp and was estimated to encode a protein of approximately 156 amino
acids or 14 kDa ( Figure 3.7). A 19 amino acid, predicted signal peptide was identified
(Figure 3.7). When compared to the homologous NTHi 86-028NP and P. multocida Pm70
sequences from GenBank, the amino acid identity of the deduced P. pneumotropica P6
protein was 84 % and 80 % respectively, while the amino acid similarity was found to be
94 % and 86 % (Table 3.3).
3.2.3.3 P26 and D15
The P26-isolating primers, PpOMP26-3F and PpOMP26-3R, were successful in amplifying a partial P26 gene segment of approximately 550 bp in all of the P. pneumotropica
strains although this product was very faint in C7584-1A and D935A (Figure 3.8). Sequencing of the partial P26 products obtained from 2280/98, E6144 and D7545-1 showed
that the two Heyl biotypes, E6144 and D7545-1, exhibited a 100 % nucleotide identity
while strain 2280/98, of the Jawetz biotype, was 91 % identical to these strains (Figure
3.9a). Analysis of the predicted amino acid sequences revealed that the Heyl strains were
96 % identical and 99 % similar to the 2280/98 Jawetz strain (Figure 3.9b).
A partial D15 gene segment using the D15 isolation primers PpD15-2F and PpD15-3R
was amplified from strains 2280/98, E6144 and D7545-1 (Figure 3.8). The same primers
were unable to amplify similar sequences in C7584-1A or D935A. Nucleotide analysis
of the partial sequences revealed that D15 from 2280/98, E6144 and D7545-1 strains
were distinct from each other. However, E6144 and D7545-1 exhibited a closer identity,
with three nucleotide differences, or a 99 % identity, between them (Figure 3.10a). The
2280/98 sequence was found to be approximately 90 % identical to the E6144 and D75451 sequences. Translated, partial amino acid sequences were 100 % identical between
E6144 and D7545-1 while the 2280/98 sequence was approximately 95 % identical and
100 % similar to the E6144 and D7545-1 strains (Figure 3.10b).
Analysis of H. influenzae and P. multocida P26 and D15 GenBank reference sequences
revealed that these genes were adjacent to each other (Table 3.2). Thus, the amplification
of P. pneumotropica 2280/98 DNA was performed using a forward primer that bound
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a
2280/98
C7584-1A
D935A
E6144
D7545-1

1
1
1
1
1

CTGTTGCTGCATTAGCAGCGTGTAGTTCCTCTAGCAATGATGCGGCTGGC
...................A.................C............
...................A.................C............
...................A........T........C.....A......
...................A........T........C.....A......

50
50
50
50
50

2280/98
C7584-1A
D935A
E6144
D7545-1

51
51
51
51
51

2280/98
C7584-1A
D935A
E6144
D7545-1

101
101
101
98
98

TCTTCAACAACGTTACAACACCGTATATTTCGGTTTTGACAAATATAATA
.....................A............................
.....................A............................
.....................A........T...................
.....................A........T...................

150
150
150
147
147

2280/98
C7584-1A
D935A
E6144
D7545-1

151
151
151
148
148

TCGAAGGTGAGTATGTTCAAATCTTAGATGCACACGCTGCATACTTAAAT
..................................T...............
..................................T...............
.............C.................G..T...............
.............C.................G..T...............

200
200
200
197
197

2280/98
C7584-1A
D935A
E6144
D7545-1

201
201
201
198
198

GCAACTCCTGCATCAAAAGTAATTGTTGAAGGTAACACCGATGAGCGTGG
....................G.............................
....................G.............................
........G...........G..............T..T...........
........G...........G..............T..T...........

250
250
250
247
247

2280/98
C7584-1A
D935A
E6144
D7545-1

251
251
251
248
248

TACGCCAGAGTACAATATCGCTTTAGGTCAACGTCGTGCGGATGCAGTTA
...A..T.....T..........................T..........
...A..T.....T..........................T..........
...A..T...........T.......................C..T....
...A..T...........T.......................C..T....

300
300
300
297
297

2280/98
C7584-1A
D935A
E6144
D7545-1

301
301
301
298
298

AATCTTTCTTAGCTGGTAAAGGCGTAGAAGGTAGCAAAGTTTCAACTGTT
..................................................
..................................................
........C.............T..G....................A...
........C.............T..G....................A...

350
350
350
347
347

2280/98
C7584-1A
D935A
E6144
D7545-1

1
1
1
1
1

VAALAACSSSSNDAAGNGAATNGQTFGGYSVEDLQQRYNTVYFGFDKYNI
..................................................
..................................................
.................-................................
.................-................................

50
50
50
50
50

2280/98
C7584-1A
D935A
E6144
D7545-1

51
51
51
51
51

EGEYVQILDAHAAYLNATPASKVIVEGNTDERGTPEYNIALGQRRADAVK
..................................................
..................................................
..................................................
..................................................

100
100
100
100
100

2280/98
C7584_1A
D935A
E6144
D7545-1

101
101
101
101
101

AACGGTGCTGCGACAAACGGTCAAACTTTCGGTGGTTATTCTGTTGAAGA 100
.................................................. 100
.................................................. 100
.......---........................................ 97
.......---........................................ 97

b

SFLAGKGVEGSKVSTVSYGEEKPAVLGHD
.............................
.............................
.............................
.............................
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Figure 3.6 Comparison of partial nucleotide and amino acids of P6 from the five P. pneumotropica strains. (a) Nucleotide alignment of the partial P6 sequence obtained from strains
2280/98, C7584-1A, D935A, E6144 and D7545-1; (b) alignment of the deduced P6 amino
acid sequences. Identical nucleotide bases or amino acids to the foremost sequence are indicated by a period. Gaps in the sequence are indication by a hyphen. Where the sequence
differs from the foremost sequence, the nucleotide base/amino acid change is noted.
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1

ATGAACAAATTTGTTAAATCATTATTAGTTGCAGGTTCTGTAGCTGCATT 50
M N K F V K S L L V A G S V A A L

51

AGCAGCATGTAGTTCCTCTAGCAACGATGCGGCTGGCAACGGTGCTGCAA 100
A A C S S S S N D A A G N G A A

101 CAAACGGTCAAACTTTCGGTGGTTATTCTGTTGAAGATCTTCAACAACGT 150
T N G Q T F G G Y S V E D L Q Q R
151 TACAACACAGTATATTTCGGTTTTGACAAATATAATATCGAAGGTGAGTA 200
Y N T V Y F G F D K Y N I E G E Y
201 TGTTCAAATCTTAGATGCACATGCTGCATACTTAAATGCAACTCCTGCAT 250
V Q I L D A H A A Y L N A T P A
251 CAAAAGTGATTGTTGAAGGTAACACCGATGAGCGTGGTACACCTGAGTAT 300
S K V I V E G N T D E R G T P E Y
301 AATATCGCTTTAGGTCAACGTCGTGCGGATGCAGTTAAATCTTTCTTAGC 350
N I A L G Q R R A D A V K S F L A
351 TGGTAAAGGCGTAGAAGGTAGCAAAGTTTCAACTGTTTCTTATGGCGAAG 400
G K G V E G S K V S T V S Y G E
401 AAAAACCTGCAGTATTAGGTCACGACGAAGCAGCATATTCTAAAAATCGT 450
E K P A V L G H D E A A Y S K N R
451 CGCGCTGTATTATCATACTAG 471
R A V L S Y *

Figure 3.7 Complete nucleotide and deduced amino acid sequence of P6 from P. pneumotropica
C7584-1A (deposited into GenBank, accession EU795362). The entire coding region of P6
was 471 nucleotides long while the deduced amino acid sequence was 156 amino acids and
approximately 14 kDa. A predicted signal peptide sequence was identified (underlined). An
asterix indicates the stop codon.
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Figure 3.8 Products obtained from PCR using D15 or P26-specific isolating primers (PpD15-2F
and PpD15-3R, PpOMP26-3F and PpOMP26-3R). (1) 100 bp DNA ladder. (2) C75841A (D15), (3) D935A (D15), (4) D7545-1 (D15), (5) 2280/98 (D15), (6) E6144 (D15), (7)
DNA-negative control for D15, (8) C7584-1A (P26), (9) D935A (P26), (10) D7545-1 (P26),
(11) 2280/98 (P26), (12) E6144 (P26), (13) DNA-negative control for P26. The predicted
size of the PCR products were approximately 1000 bp for D15 and approximately 500 bp
for P26.
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a
2280/98
E6144
D7545-1

1 TTTTGCCGCTGCAGATGAAAATATTGCATTTATTAACGCCGGGTATTTAT
1 ......T..G..............C.....C.....T..A..A.......
1 ......T..G..............C.....C.....T..A..A.......

50
50
50

2280/98
E6144
D7545-1

51 TCCAAAACCACCCGGATCGTCAAGCTATTGCAGATAAATTAGATTCTGAA 100
51 .......T.......................C............G..... 100
51 .......T.......................C............G..... 100

2280/98
E6144
D7545-1

101 TTGAAACCGACAGCAGATAAATTGGCTGCAAGCAAAAAAGAAATTGATAA 151
101 ...........G.....C.....A..C.....T...............G. 151
101 ...........G.....C.....A..C.....T...............G. 151

2280/98
E6144
D7545-1

151 TAAAATTGCCGCATCACGTAAAAAAGTAGAAGCAAAAATTGAGGCTTTGA 200
151 .............G..........G............G....A..A.... 200
151 .............G..........G............G....A..A.... 200

2280/98
E6144
D7545-1

201 AAAAAGATGCGCCGCGTTTACGTCAAGCTGAAATTCAAAAGCGTGAAGAA 251
201 ..................................C.....A......... 251
201 ..................................C.....A......... 251

2280/98
E6144
D7545-1

251 GAAATTAATAAGTTCGGAGCTAATGAAGAAGCCGCATTGACGAAATTGAT 300
251 ...........A..T..T..G...........T........T........ 300
251 ...........A..T..T..G...........T........T........ 300

2280/98
E6144
D7545-1

301 GCAAGAGCAAGATAAAAAAGTAGCGGAGTTCCAAGAAGAAAGCGATAAAC 351
301 .....................G....C....................... 351
301 .....................G....C....................... 351

2280/98
E6144
D7545-1

351 GCCAAACAGAAGCTCGTGCAAAATTATTAGAAAGTATCCAAGTCGCAACA 400
351 .....G.......C.......................T...........C 400
351 .....G.......C.......................T...........C 400

2280/98
E6144
D7545-1

401 AATAATGTAGCAAAAGCAAAAGGTTATACCTATGTAC 437
401 ..C.....G......A...................G. 437
401 ..C.....G......A...................G. 437

b
2280/98
E6144
D7545-1

1 FAAADENIAFINAGYLFQNHPDRQAIADKLDSELKPTADKLAASKKEIDN 50
1 ...............................A.................D 50
1 ...............................A.................D 50

2280/98
E6144
D7545-1

51 KIAASRKKVEAKIEALKKDAPRLRQAEIQKREEEINKFGANEEAALTKLM 100
51 ....A.......V..................................... 100
51 ....A.......V..................................... 100

2280/98
E6144
D7545-1

101 QEQDKKVAEFQEESDKRQTEARAKLLESIQVATNNVAKAKGYTYVLDANS 150
101 ........A.........A...................T........... 150
101 ........A.........A...................T........... 150

2280/98
E6144
D7545-1

151 VVFAVEGKD 200
151 ......... 200
151 ......... 200
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Figure 3.9 Comparison of partial P26 nucleotide and deduced amino acid sequences from
P. pneumotropica 2280/98, E6144 and D7545-1. (a) Nucleotide alignment of the partial
P26 sequences, (b) alignment of the deduced P26 amino acid sequences. Identical nucleotide bases or amino acids to the foremost sequence are indicated by a period. Where
the sequences differ from the foremost sequence, the nucleotide base/amino acid change is
noted.
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a
2280/98
E6144
D7545-1

1 TTCGTTCAGGTCAACGAGTGACCGATAACGATGTGGCAAATATTGTTCGC
1 .....G..........T...........T.....................
1 .....G..........T...........T.....................

50
50
50

2280/98
E6144
D7545-1

51 AATTTATTCGTAAGTGGTCGATTTGATGATGTGAAAGCTTATCGTGATGG 100
51 ................................A..............C.. 100
51 ................................A..............C.. 100

2280/98
E6144
D7545-1

101 TGATTCTCTAGTGGTGAGCGTGGTTGCCAAGCCGATTATTTCGGAAGTGC 150
101 A........T..C.....TA.CA....T..A................... 150
101 A........T..C.....TA.CA....T..A................... 150

2280/98
E6144
D7545-1

151 ATATTAAAGGAAATTCTTTAATTCCAACGGAAGCATTAAAACAAAATCTG 200
151 .......G..G....................................T.. 200
151 .......G..G.......................G............T.. 200

2280/98
E6144
D7545-1

201 GATTCGAACGGTTTTAGAGCAGGAGATGTACTTAATCGTGCGAAACTTGA 250
201 ...G.......C....A.A.C..T........G........A........ 250
201 ...G.......C....A.A.C..T........G........A........ 250

2280/98
E6144
D7545-1

251 CGAGTTCGTGAAAGGCGTGAGAGAACACTATAAAAGTGTAGGGCGTTATA 300
251 T..A..............A........T...........T..A..C.... 300
251 ...A..............A........T..............A..C.... 300

2280/98
E6144
D7545-1

301 ATGCTAAAGTCGATGCGATTGTAAATACGCTCCCAAATAATCGTGCGGAG 350
301 ....G........A.................G.................A 350
301 ....G........A.................G.................A 350

2280/98
E6144
D7545-1

351 ATCAATCTTCAAATTGATGAAGATGATACGGC 382
351 ...........G.................... 382
351 ...........G.................... 382

b
2280/98
E6144
D7545-1
2280/98
E6144
D7545-1
2280/98
E6144
D7545-1

1 RSGQRVTDNDVANIVRNLFVSGRFDDVKAYRDGDSLVVSVVAKPIISEVH
1 .A.....................................II.........
1 .A.....................................II.........

50
50
50

51 IKGNSLIPTEALKQNLDSNGFRAGDVLNRAKLDEFVKGVREHYKSVGRYN 100
51 .................A...KT........................... 100
51 .................A...KT........................... 100
101 AKVDAIVNTLPNNRAEINLQIDEDDTA 127
101 ...E....................... 127
101 ...E....................... 127

Figure 3.10 Comparison of partial nucleotide and amino acids of D15 from P. pneumotropica
2280/98, E6144 and D7545-1. (a) Nucleotide alignment of the partial D15 sequence, (b)
Alignment of the deduced D15 amino acid sequences. Identical nucleotide bases or amino
acids to the foremost sequence are indicated by a period. Where the sequence differs from
the foremost sequence, the nucleotide base/amino acid change is noted.
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within D15 (PpD15-4F) and a reverse primer that bound within P26 (PpOMP26-15R).
The sequencing of the resulting product confirmed that P26 was situated directly downstream of D15 in P. pneumotropica (Figure 3.11). The P. pneumotropica strain 2280/98
was then used to determine the sequence of the full length P26 and D15 coding regions,
and these were found to be 612 bp and 2379 bp respectively, and were predicted to encode
proteins of approximately 18.5 kDa and 72 kDa (Figure 3.12 and Figure 3.13). The P26
and D15 sequences were deposited into GenBank with accession numbers of EU822221
and EU822222 respectively. For both P26 and D15, a predicted signal peptide of 20 amino
acids were also identified. The deduced P26 sequence was found to be 79 % identical and
91 % similar to NTHi P26, and 54 % identical and 74 % similar to P. multocida P26 homologue, skp (Table 3.3). The deduced D15 amino acid sequence from P. pneumotropica
2280/98 was determined to be 79 % identical and 89 % similar to the NTHi D15, and 63 %
identical and 83 % similar to the P. multocida D15 homologue, Oma87 (Table 3.3).

3.2.4 Cloning, expression and purification of recombinant polypeptides
P4, P6 and P26, DNA that corresponded to the predicted mature proteins were cloned into
both pQE-80L and pGEX-2T expression vectors to produce his-tagged and GST-fusion
polypeptides respectively. For D15, a truncated, 221 residue, amino (N)-terminal segment
of the protein, previously recognised to contain an important protective epitope (Yang et
al., 1998a), was produced only as a GST-fusion polypeptide by cloning into pGEX-2T
as attempts to produce a his-tagged polypeptide were unsuccessful. The OMP DNA to
be cloned into the expression vectors were amplified by PCR with "cloning primers" that
incorporated the appropriate restriction enzyme sites for cloning, omitted the predicted
preprotein signal peptides, and substituted serine codons in the N-terminal sequences of
P4 and P6 in place of cysteine codons. Omission of the preprotein signal sequences and
the substitution cysteine for serine was performed to promote solubility.
GST and his-tagged, recombinant OMPs were then expressed in E. coli and purified by
affinity chromatography. Endotoxin was removed using Mustang E® membranes and
protein preparations were quantified and visualised by PAGE to assess purity and approximate polypeptide sizes (Figure 3.14). The resulting P6 recombinant polypeptides
were denoted P6his (his-tagged fusion) and P6GST (GST-fusion) and were approximately
18 kDa and 40 kDa respectively (Figure 3.14). Recombinant P4his and P4GST were approximately 30 kDa and 54 kDa respectively while recombinant P26his was 22 kDa and
P26GST was 51 kDa. The recombinant, truncated D15-GST fusion, denoted as tD15GST,
was approximately 52 kDa.
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1

CTCTTATGCCAAACCGATCAAAAAATATGAAAATGATGATGTAGAACAAT
S Y A K P I K K Y E N D D V E Q

51

TCCAGTTTAGTATTGGCGGTTCTTTCTAATCGAACTTTTTATTTATCTTC
F Q F S I G G S F *

101

TAGTCAAAACAAGCACTTGCACAGCATATATTCAGGCTGTGCAAGCATGA

151

TTAACTACTTAACCTAATAAGGAAATTTCAATGAAAAATGTTTTAAAAGT
M K N V L K V

201

CACCGCACTTTCAGTAGGTATCGCACTTGCATCAGGTTTTGCCGCTGCAG
T A L S V G I A L A S G F A A A

251

ATGAAAATATTGCATTTATTAACGCCGGGT
D E N I A F I N A G

Figure 3.11 Partial nucleotide and deduced amino acid sequence of the PCR product obtained
using PpD15-4F and PpOMP26-15R primers. Bold nucleotides indicate the 3’ end and stop
codon (*) of the D15 coding region. Italicised sequence indicates non-coding nucleotides
between D15 and P26. Underlined nucleotides showed the methionine start codon and 5’
end of the P26 coding region.
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1

ATGAAAAATGTTTTAAAAGTCACCGCACTTTCAGTAGGTATCGCACTTGC 50
M K N V L K V T A L S V G I A L A

51

ATCAGGTTTTGCCGCTGCAGATGAAAATATTGCATTTATTAACGCCGGGT 100
S G F A A A D E N I A F I N A G

101

ATTTATTCCAAAACCACCCGGATCGTCAAGCTATTGCAGATAAATTAGAT 150
Y L F Q N H P D R Q A I A D K L D

151

TCTGAATTGAAACCGACAGCAGATAAATTGGCTGCAAGCAAAAAAGAAAT 200
S E L K P T A D K L A A S K K E I

201

TGATAATAAAATTGCCGCATCACGTAAAAAAGTAGAAGCAAAAATTGAGG 250
D N K I A A S R K K V E A K I E

251

CTTTGAAAAAAGATGCGCCGCGTTTACGTCAAGCTGAAATTCAAAAGCGT 300
A L K K D A P R L R Q A E I Q K R

301

GAAGAAGAAATTAATAAGTTCGGAGCTAATGAAGAAGCCGCATTGACGAA 350
E E E I N K F G A N E E A A L T K

351

ATTGATGCAAGAGCAAGATAAAAAAGTAGCGGAGTTCCAAGAAGAAAGCG 400
L M Q E Q D K K V A E F Q E E S

401

ATAAACGCCAAACAGAAGCTCGTGCAAAATTATTAGAAAGTATCCAAGTC 450
D K R Q T E A R A K L L E S I Q V

451

GCAACAAATAATGTAGCAAAAGCAAAAGGTTATACCTATGTACTTGATGC 500
A T N N V A K A K G Y T Y V L D A

501

AAATTCTGTGGTATTTGCAGTAGAAGGTAAAGATATTACCGAAGAAGTAT 550
N S V V F A V E G K D I T E E V

551

TAAAATCTATTCCTGTAACTGAAAAAGCTACGGCACCGGCTAAAACAGAA 600
L K S I P V T E K A T A P A K T E

601

GAGAAGAAATAA 612
E K K *

Figure 3.12 Complete P26 nucleotide and deduced amino acid sequence from P. pneumotropica
2280/98 (deposited into GenBank, accession EU822221). The entire P26 coding region
was 612 nucleotides long. The P26 precursor protein was composed of 203 amino acids
and predicted to be approximately 18.5 kDa. The putative signal peptide sequence is shown
underlined and the stop codon is marked with an asterix.
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1

ATGAAAAAACTTCTAATTGCAAGTTTATTATTCGGTACGGCAACAAGCGT 50
M K K L L I A S L L F G T A T S V

51

GTTGGCTGCCCCTTTCTTGGCAAAAGACATTCGCATAGATGGCGTTCAGG 100
L A A P F L A K D I R I D G V Q

101

GTGAATTAGAACAACAAATTCTCGCGGGGTTGCCGGTTCGTTCAGGTCAA 150
G E L E Q Q I L A G L P V R S G Q

151

CGAGTGACCGATAACGATGTGGCAAATATTGTTCGCAATTTATTCGTAAG 200
R V T D N D V A N I V R N L F V S

201

TGGTCGATTTGATGATGTGAAAGCTTATCGTGATGGTGATTCTCTAGTGG 250
G R F D D V K A Y R D G D S L V

251

TGAGCGTGGTTGCCAAGCCGATTATTTCGGAAGTGCATATTAAAGGAAAT 300
V S V V A K P I I S E V H I K G N

301

TCTTTAATTCCAACGGAAGCATTAAAACAAAATCTGGATTCGAACGGTTT 350
S L I P T E A L K Q N L D S N G F

351

TAGAGCAGGAGATGTACTTAATCGTGCGAAACTTGACGAGTTCGTGAAAG 400
R A G D V L N R A K L D E F V K

401

GCGTGAGAGAACACTATAAAAGTGTAGGGCGTTATAATGCTAAAGTCGAT 450
G V R E H Y K S V G R Y N A K V D

451

GCGATTGTAAATACGCTCCCAAATAATCGTGCGGAGATCAATCTTCAAAT 500
A I V N T L P N N R A E I N L Q I

501

TGATGAAGATGATACGGCAAAATTAAAATCCGTCACCTTTAATGGTAATA 550
D E D D T A K L K S V T F N G N

551

CAGAGGTTTCCAGTAGTACATTACAAGAACAAATGGAGTTGCAACCGGAT 600
T E V S S S T L Q E Q M E L Q P D

601

GCATGGTGGAAACTATGGGGCAATAAATTTGATGCAACCCAATTTGATAA 650
A W W K L W G N K F D A T Q F D K

651

AGATTTACAATCTATTCAACAGTACTACCAAAATAATGGTTATGCTAAGG 700
D L Q S I Q Q Y Y Q N N G Y A K

701

CGTATGTTACCAATACAGATGTTCAGCTAAATGATGAACAAACCAAAGCG 750
A Y V T N T D V Q L N D E Q T K A

751

GAAGTGACGATAGATATTAACGAAGGAGAAAAATACGATTTAGCTAGTGC 800
E V T I D I N E G E K Y D L A S A

801

TCGTATTGTTGGTAATTTAGGTGGGATGGCTGAAGAATTACAGCCGTTAC 850
R I V G N L G G M A E E L Q P L

851

TAAACAACCTTCACTTAAGCGATACTTTTAGTCGGGCCGATGTGACCGAT 900
L N N L H L S D T F S R A D V T D

901

GTCGAAAATGCTATCAAAGCAAAACTAGGGGAACGTGGTTATGGTAGTGC 950
V E N A I K A K L G E R G Y G S A

951

AACCGTCAATACCGTACCAACATTTGATGATGCGAATAAAACAATCGCTC 1000
T V N T V P T F D D A N K T I A

1001

TAACTTTTGTCGTTGATGCAGGTCGTCGTTTATCCGTTCGCCAAGTTCAA 1050
L T F V V D A G R R L S V R Q V Q

1051

TTTGAAGGTAATACTGTTTCAGCCGATAGTACATTGCGTCAGGAAATGCG 1100
F E G N T V S A D S T L R Q E M R
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1101

CCAGCAGGAGGGTTCTTGGTATAATGCGCAATTAGTCGAGTTGGGTAAAA 1150
Q Q E G S W Y N A Q L V E L G K

1151

TTCGTTTGGATAGAACAGGCTTCTTTGAAACGGTTGAAAGCCGGATTGAT 1200
I R L D R T G F F E T V E S R I D

1201

CCGATTGAAGGTTCTAATGACGAAGTGAATGTGGTTTATAAAGTCAAAGA 1250
P I E G S N D E V N V V Y K V K E

1251

ACGTAATACAGGTAGTATTAACTTTGGGGTAGGTTATGGTACGGAAAGTG 1300
R N T G S I N F G V G Y G T E S

1301

GTATTAGTTACCAAGCCAGTATTAAACAGGATAATTTTTTAGGTACAGGG 1350
G I S Y Q A S I K Q D N F L G T G

1351

GCTGCGGTAAGTTTAGCAGGCTCTCGTAATGATTACGGTACGACAATTAA 1400
A A V S L A G S R N D Y G T T I N

1401

CCTTGGCTACACCGAACCATATTTTACAAAAGACGGTGTAACCTTAGGTG 1450
L G Y T E P Y F T K D G V T L G

1451

GTAATGTATTCTATGAAACTTACGATAACTCCGATAGCGATACTTCATCG 1500
G N V F Y E T Y D N S D S D T S S

1501

ACTTATAAACGTACGACTTATGGTGGCAATGTTACCTTAGGTTTCCCGGT 1550
T Y K R T T Y G G N V T L G F P V

1551

AAATGAAAATAACTCATACTATGTAGGGTTAGGTTACACTTATAATAAAA 1600
N E N N S Y Y V G L G Y T Y N K

1601

TTAGTAATTTCTCTCGAGAATATAATCGTGATCTTTATTTAGCCTCCATG 1650
I S N F S R E Y N R D L Y L A S M

1651

ATTTTGATTCACCTCTATCAATCTCATGATTTTGATTTTTCCTTTGGTTG 1700
I L I H L Y Q S H D F D F S F G W

1701

GAATTATAACAGTTTAAACCGCGGTTATTTCCCAACTAAAGGGGTGAAGG 1750
N Y N S L N R G Y F P T K G V K

1751

CAAGTATTGGTGGGCGAGTTACCACTCCGGGTCCCGATAATAAATATTAC 1800
A S I G G R V T T P G P D N K Y Y

1801

AAACTTAATGCAGATGTCCAAGGCTATTATCCGCTTGATCGTGCGCATAA 1850
K L N A D V Q G Y Y P L D R A H N

1851

CTGGGTCATTTCAGGTAAGGCAGGGTTAGGCTATGCAAGTGGTTTTGGTG 1900
W V I S G K A G L G Y A S G F G

1901

ATAAACGTTTACCGTTCTATCAAAACTATACGGCGGGTGGTATTGGATCA 1950
D K R L P F Y Q N Y T A G G I G S

1951

CTACGTGGTTTTTCGTATGGTGCAGTAGGACCGAATGCGATTTATTGGGT 2000
L R G F S Y G A V G P N A I Y W V

2001

AAAAGATAAGAAGGGTAATGAAGGATATAATGCTAATGGGAGTAGCGATA 2050
K D K K G N E G Y N A N G S S D

2051

TTGTTGGCGGGAATGCTATTGCCACAGCGAGTGTTGAATTAATTCTACCG 2100
I V G G N A I A T A S V E L I L P

2101

ACGCCGTTTGTGGCAGAAAAAAATCAGAATTCTGTCAGAACTTCATTATT 2150
T P F V A E K N Q N S V R T S L F

2151

TGTTGATGCGGCAAGCGTATGGAATACCAAATGGACGGCACAAGGTAAGG 2200
V D A A S V W N T K W T A Q G K
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2201

CAAACTTCCCTAACTTACCGGATTACAGCGATCCAAGCCGCATTCGTGCT 2250
A N F P N L P D Y S D P S R I R A

2251

TCTGCTGGTGTCGGTTTCCAATGGCAATCACCAATCGGGCCATTGGTATT 2300
S A G V G F Q W Q S P I G P L V F

2301

CTCTTATGCCAAACCGATCAAAAAATATGAAAATGATGATGTAGAACAAT 2350
S Y A K P I K K Y E N D D V E Q

2351

TCCAGTTTAGTATTGGCGGTTCTTTCTAA 2379
F Q F S I G G S F *

Figure 3.13 Complete nucleotide and deduced amino acid sequence of D15 from P. pneumotropica 2280/98 (deposited into GenBank, accession EU822222). The D15 coding region was
2379 nucleotides long. The D15 preprotein was 792 amino acids long and predicted to be
approximately 72 kDa. A putative signal peptide sequence was identified (underlined). The
stop codon is indicated by an asterix.
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1
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Figure 3.14 SDS-PAGE of recombinant polypeptides. (1) SDS IV protein marker, (2) tD15GST
~52 kDa, (3) P26GST ~51 kDa, (4) P26his ~22 kDa, (5) P6GST ~40 kDa, (6) P6his
~18 kDa, (7) P4GST ~54 kDa, (8) and (9) P4his ~30 kDa.
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3.3 Discussion
3.3.1 Confirmation of P. pneumotropica strains
The five P. pneumotropica strains were confirmed by PCR and EcoRI restriction digest
and C7584-1A, 2280/97 and D935A were found to be of the Jawetz biotype while E6144
and D7545-1 corresponded to the Heyl biotype. This PCR identification technique proved
to be P. pneumotropica-specific as PCR using P. multocida DNA did not amplify any
products. The ability to distinguish between the different biotypes is useful in providing
additional insight into the sequence differences revealed by sequence comparison, and
illustrates the diversity within the P. pneumotropica species.

3.3.2 P. pneumotropica OMP sequences
Homologues of P4, P6, P26 and D15 were identified in the various P. pneumotropica
strains and although OMP-specific primers were not successful in isolating all OMPs
from each strain, this was most likely due to inter-strain nucleotide sequence variation
affecting the specificity of the primers, rather than the absence of the OMP genes.
P. pneumotropica OMPs were identified by the close similarity to both NTHi and P. multocida reference sequences from GenBank, as well as by other characteristics including
the carboxy (C)-terminal phenylalanine (F) of D15, a consensus sequence that is associated with lipoproteins, and shared synteny. The F residue noted at the C-terminal of
the P. pneumotropica D15 (Figure 3.13) corresponds to a common hallmark of OMPs
that is required for insertion into the membrane (Struyve et al., 1991). A characteristic of
lipoproteins is a highly conserved lipobox sequence (L-L-A-G-C) in the N-terminal signal
sequence (Hayashi and Wu, 1990). This lipobox motif is associated with lipid modification of lipoproteins and highly similar sequences were observed in the P. pneumotropica
P6 (A-L-A-A-C; Figure 3.7) and P4 (V-L-A-G-C; Figure 3.4). Homologues of these two
proteins in other bacteria are known lipoproteins. Shared synteny was observed for genes
adjacent to the P. pneumotropica P6, P26 and D15, when compared to NTHi and P. multocida, as flanking-gene PCR to obtain the complete coding regions of these genes was
successful. Additionally, the P26 coding region was found directly downstream of D15
(Figure 3.11), a finding shared by a number of other bacteria including NTHi, P. multocida, E. coli and P. aeruginosa, due to the P26 and D15 proteins forming part of a
multigene operon involved in OMP biogenesis (Voulhoux and Tommassen, 2004).
Interestingly, the amino acid sequences of the OMPs from P. pneumotropica were shown
to be more similar to their NTHi counterparts compared to their P. multocida counterparts, providing further evidence that reorganisation of the Pasteurellaceae family may
be necessary (Dewhirst et al., 1992). This is also in line with previous phylogenetic studies using sequences from various housekeeping genes such as rpoB (Christensen et al.,
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2004; Korczak et al., 2004), inf B (Christensen et al., 2004) and sodA (Gautier et al.,
2005) that suggested that P. pneumotropica was more closely related to H. influenzae than
to P. multocida. In contrast, phylogenetic studies based on 16S sequences suggest that
H. influenzae and P. multocida are more closely related to each other than to P. pneumotropica (Dewhirst et al., 1992; Christensen et al., 2003).
Nucleotide sequence differences were noted between and within the biotypes, especially in P4, P6 and D15. For example, P6 nucleotide sequences of the Jawetz biotype
strain 2280/98 exhibited differences compared to the other Jawetz strains C7584-1A and
D935A. This may possibly be due to host-species differences as previous phylogenetic
studies based on 16S and gyrB sequences (Hayashimoto et al., 2005; Hayashimoto et al.,
2006) found that Jawetz biotype strains isolated from rats were distinct from Jawetz biotype strains isolated from mice. The nucleotide differences noted between the P6 Jawetz
strains in this study may be a reflection of such host differences although this cannot be
confirmed since the original hosts from which these strains were isolated are not known.
At the amino acid level, the P4, P6, P26 and D15 sequences exhibited a high degree of
similarity between the P. pneumotropica strains, with identities between 95 to 100 %. This
was particularly noted for P6 as this was the only protein to be isolated in all strains and
thus, a more robust comparison of the sequences could be performed. P6 from P. pneumotropica was highly conserved with only one amino acid deletion noted between the
five Heyl and Jawetz isolates over the sequenced region. The high levels of OMP identity
between the strains, especially for P6, provide promising evidence of the usefulness of
these OMPs as vaccine candidates.

3.3.3 Expression of recombinant P. pneumotropica OMPs
The cloning and expression of recombinant OMPs was important for a number of reasons.
Firstly, recombinant OMPs of NTHi have previously been shown to be antigenically similar to native OMPs and are thus valuable substitutes in immunisation studies. Secondly,
we aimed to utilise these recombinant OMPs of P. pneumotropica in vaccine efficacy
studies. Thirdly, recombinant protein technology was used as it is now a common method
for generating vaccine antigens as the implementation of affinity purification allows for
high-yielding yet cost-effective production.
For each of the OMPs except D15, both his-tagged and GST fusion recombinant antigens were expressed and purified. For D15, the generation of a his-tagged tD15 was not
successful and although not confirmed, stability and/or solubility of the resulting proteins may have been contributing factors. In one study that compared the production of
his-tagged proteins to GST-fused proteins, it was found that the his-tagged proteins were
less likely to be soluble compared to the GST-fused proteins (Hammarström et al., 2002).
Further optimisation of his-tagged tD15 protein expression, such as altering the bacterial
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growth conditions or utilising mutant expression host strains that have been shown to enhance the solubility of difficult recombinant proteins, may be condusive for his-tagged
tD15 protein production (Sorensen and Mortensen, 2005).
The generation of recombinant proteins without either the signal peptide or the cysteine
residue adjacent to the lipoprotein signal peptide was performed to promote solubility.
Signal peptides are required for post-translational modification and translocation of newly
synthesized protein (Molhoq and Degan, 2004). For lipoproteins, the signal peptides are
required for binding of a lipid moiety to the protein via the cysteine residue and the presence of such protein modification may affect the solubilty of recombinant proteins. Indeed, previous studies suggested that producing P6 (Yang et al., 1997) and P4 (Reilly and
Smith, 1999) with lipid modifications resulted in low yields of soluble protein. Hence,
to avoid potential post-translational modifications of the recombinant proteins, signal sequences were omitted in recombinant P4, P6 P26 and D15.
The N-terminal-truncated, P. pneumotropica D15 was produced since previous H. influenzae studies indicated that this fragment contained immunoprotective epitope(s) and was
soluble when expressed as a GST-fusion (Yang et al., 1998a). Additionally, the full-length
D15, like other Omp85 family members, is a membrane-spanning OMP with extensive
hydrophobic regions, and may result in poor solubility when produced as a full-length,
recombinant protein.
The purity of the resulting recombinant OMPs were assessed by PAGE. Protein bands
of sizes other than the expected recombinant polypeptide were also noted but these were
faint and, as determined in the following chapter, would not affect the proceeding antiP. pneumotropica vaccination and antibody measurements as no antibodies were found in
infected and unvaccinated mice. These polypeptides were thus considered to be suitable
for use in proceeding vaccination experiments.
In conclusion, OMPs that were homologous to important vaccine candidates in NTHi and
P. multocida were identified in P. pneumotropica and expressed as recombinant polypeptides. Partial amino acid sequences showed that the P6 amino acid sequence was invariant
within the Heyl and the Jawetz biotypes in all the P. pneumotropica isolates examined.
Minor variations in the amino acid sequences of P4, P26 and D15 were observed. The P4,
P6, P26 and D15 recombinant polypeptides are suitable for further investigation into the
OMP-mediated protection against P. pneumotropica respiratory infection.
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4.1 Introduction
Previous studies have used P. pneumotropica respiratory infection of mice to determine
immune responses to infection. Although these studies are few in number, important
immunological information in this natural setting have been obtained (Chapes et al., 2001;
Hart et al., 2003). The use of a natural host has advantages over models where strict
human pathogens, such as NTHi, are studied in mice. These include the ability to study
bacterial colonisation and the ability to assess vaccine-mediated mechanisms involved in
immunity towards a natural pathogen.
The use of vaccines of known components, such as OMPs, and understanding the immune
mechanisms induced by them is important in the rational design of vaccines in order to
minimise unwanted side effects of vaccination. Previous studies have shown the adverse
reactogenicity of the whole cell pertussis vaccine in humans (David et al., 2008) and the
counterreactive effects of A. pleuropneumoniae PalA in a component vaccine in swine
(van den Bosch et al., 2003). The use of molecularly defined vaccines will help in the
development of safer vaccines.
Also important in vaccinating against respiratory infection is the induction of appropriate
mucosal immune responses. In particular, the induction of mucosal antibody is thought to
be important in protecting the mucosal surfaces against colonising pathogens. Although
the majority of current human vaccines for respiratory pathogens are delivered parenterally, mucosal alternatives are being explored as they may confer a number of potential
advantages such as stimulation of both mucosal and systemic immunity and non-invasive
administration methods (Mitragotri, 2005).
This chapter describes the experiments to optimise the P. pneumotropica infection model
and the vaccination with the different recombinant P4, P6, P26 and D15 antigens administered via parenteral (intraperitoneal) and mucosal (intranasal) routes. Vaccine efficacy
was measured by determining the bacterial recovery from the lungs and nasopharynx
of mice that were intranasally challenged with P. pneumotropica. Antibody responses
induced by OMP immunisation were also assessed by microtitre-plate DELFIA. Additionally, mechanisms of the P6-induced immunity were investigated, such as lung cellular
infiltrate, cytokine induction, and the role of CD4+ and CD8+ T cells.

4.2 Results
4.2.1 Optimisation and characterisation of experimental P. pneumotropica infection
To determine the optimal dose of P. pneumotropica to induce respiratory disease, mice
were intranasally inoculated with 106 , 107 and 108 cfu of the P. pneumotropica strain
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2280/98 and observed for physical symptoms of disease. Severity of symptoms were
scored (Section 2.2.6.1) on day 1, 2, 3 and 4 following infection. The severity of disease
observed was found to be dose-dependent, with mice appearing moribund on day 4 in the
group given the highest inoculum of 108 cfu (Table 4.1). The majority of mice inoculated
with 107 cfu of bacteria appeared to have ruffled fur and appeared hunched at day 2 and
3, but ceased showing physical signs of disease by day 4. Mice inoculated with 106 cfu
recovered from the physical symptoms of infection by day 2. An inoculum between 108
and 107 cfu (i.e. 5×107 cfu) was chosen for the infection model.
The optimal time point in which to measure immune responses following the onset of
pulmonary infection was then determined by intranasally infecting mice with 5×107 cfu
of bacteria. Sham-infected mice were included as a control. Mice were sacrificed at 24 h,
36 h, 48 h, 72 h, 96 h, 7 days and 31 days postinfection and the bacterial counts from
the lungs and nasal washes were determined (Section 2.2.6.3). In order to confirm that
the bacteria isolated from the lungs and nasal wash were indeed P. pneumotropica of the
inoculating biotype, selected colonies were subjected to Gram staining (Section 2.2.1.2)
and P. pneumotropica-specific PCR (Section 2.2.6.4).
The bacterial counts obtained over the time course of infection indicated that the greatest
recovery of bacteria from the lungs occured between 24 h and 48 h postinfection (Figure
4.1). By day 7, the mice had cleared the pathogen from the lungs. Contrastingly, bacteria
continued to be isolated from the nasopharynx (nasal wash) of infected mice until at least
31 days postinfection. Based on these results, bacterial recovery from the lungs and nasal
washes was determined at 48 h post-inoculation in the proceeding P. pneumotropica infection experiments. Colonies isolated from the lungs and nasal washes were visible after
24 h growth on BHI agar at 37º C and were approximately 1 mm in diameter, grey-yellow
in colour and smooth. No colonies were isolated from the lungs and nasal washes of shaminfected mice (Figure 4.1). All the selected colonies were confirmed to be Gram-negative
staining, small coccobacilli. P. pneumotropica PCR performed on bacterial colonies recovered from mice resulted in products of approximately 900 bp, which corresponded to
the Jawetz biotype to which strain 2280/98 belonged (see Chapter 3). These observations
were in accordance with P. pneumotropica colony morphology, Gram stain and PCR results and confirmed that the P. pneumotropica infecting strain was recovered from mice
following intranasal infection.

4.2.2 Intraperitoneal immunisations
4.2.2.1 Intraperitoneal vaccine efficacy
The intraperitoneal efficacy of P4his, P4GST, P6his, P6GST, P26his, P26GST, tD15GST
or whole cell antigens together with MISA 206 adjuvant were assessed in independent
experiments that were repeated at least once (Section 2.2.8.3). Control mice received
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Table 4.1 Mouse symptom scores following intranasal P. pneumotropica infection. Groups of 3-4
mice were infected intranasally with graded doses of P. pneumotropica strain 2280/98 and
the severity of symptoms were noted. Results show the average symptom score per group
where 0, healthy; 1, barely ruffled fur; 2, ruffled fur but active; 3, ruffled fur, hunched; 4,
ruffled fur, hunched and inactive; and 5, moribund.

Inoculum (cfu)

Day 1

Day 2

Day 3

Day 4

106

1

2

0

0

107

1

2

2

1

108

1

2

3

5
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Figure 4.1 Bacterial recovery from mice challenged with P. pneumotropica 2280/98. Groups of
4 mice were intranasally challenged with ~5 × 107 cfu P. pneumotropica 2280/98. Con-

trols were sham-infected with PBS. Bacteria from lung homogenate and nasal washes were
enumerated at 24 h, 36 h, 48 h, 72 h, 96 h, 7 days and 31 days postinfection. Results are
represented as mean bacterial recovery (Log10 cfu) ± SEM.
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either the vaccinating antigen only, or MISA 206 only, and for tD15GST vaccinations, a
GST and MISA 206 group was included. Mice were intranasally infected following vaccination and bacteria were enumerated two days later from the lung homogenate and nasal
washes of mice. Intraperitoneal vaccination with formalin-killed, whole cell P. pneumotropica C7584-1A resulted in a 100 000-fold reduction in the bacteria recovered from
the lung homogenate, and an approximately 6 500-fold reduction in the nasopharynx (Table 4.2). Intraperitoneal vaccination of mice with any his-tagged (P4his, P6his or P26his)
or GST-fusion (P4GST, P6GST, P26GST or tD15GST) polypeptide together with MISA
206 adjuvant did not significantly reduce the bacterial load in lung homogenates or nasal
washes in the mice that were challenged with P. pneumotropica (Table 4.2). These results
were representative of the repeated experiments.
4.2.2.2 Antibody responses to intraperitoneal vaccination
The sera and BALF obtained from vaccinated and infected mice at time of sacrifice were
assessed for antigen-specific IgG1, IgG2c and IgA responses by microtitre-plate DELFIA
(Section 2.2.3.1). Antigen-specific IgG1 and IgG2c in the serum were found to be elevated in mice that were immunised with P4his, P4GST, P6his, P6GST, P26his, P26GST
or tD15GST, compared to controls (Table 4.3). In the BALF, enhanced specific-IgG1
titres were observed following immunisation with P4his, P4GST, P6his, P6GST, P26his,
P26GST or tD15GST (Table 4.4). BALF IgG2c levels were induced in mice immunised
with P4his, P6his, P6GST, P26his, P26GST while enhanced levels of IgA were noted in
mice immunised with P26his, P26GS or tD15GST (Table 4.4).

4.2.3 Intranasal immunisations
4.2.3.1 Intranasal vaccine efficacy
The efficacy of the intranasal administration of individual P4his, P4GST, P6his, P6GST,
P26his, P26GST or tD15GST antigens, together with CpG ODN adjuvant was assessed
(Section 2.2.8.1). Independent experiments were performed for individual vaccine antigens and were repeated at least once. Control mice received either the vaccinating antigen
only, or CpG ODN only, while for tD15GST vaccination, a GST and MISA 206 control
group was also included. Seven days following vaccination, mice were intranasally challenged with P. pneumotropica. Two days after infection, bacterial numbers were enumerated from the lung homogenate and nasal washes of mice and antigen-specific antibody
responses were determined by DELFIA.
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P4GST

antigen +

-
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MISA 206

antigen +

-

4.94 ± 0.19

5.03 ± 0.27

4.50 ± 0.12

4.58 ± 0.33
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antigen only
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MISA 206 only

tion (Log10 cfu)

postinfection (Log10 cfu)

vaccine

Bacterial load in nasal wash day 2 postinfec-

Bacterial load in lung homogenate day 2

versus the corresponding MISA 206 only group.

experiments and are representative of experiments repeated at least once. Data are represented as mean bacterial load (Log10 cfu) ± SEM. a p<0.005, b p<0.05

P. pneumotropica strain 2280. On day 2 postchallenge, bacterial numbers in lung homogenates and nasal washes were determined. Results are from independent

teria. Groups of 4-6 mice were immunised intraperitoneally with antigen + MISA 206, antigen alone, or MISA 206 alone, then challenged intranasally with

Table 4.2 Recovery of P. pneumotropica from lungs and nasal washes of mice intraperitoneally immunised with recombinant OMPs or whole cell (WC) killed bac-
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P6GST
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284300 ±

P4GST

86140a

47 ± 4

151 ± 15
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15750 ± 1143b

P4his
163 ± 48

only

206

MISA 206

antigen

antigen only

antigen + MISA

vaccine

Serum IgG1 (×102 units/mL)

2511 ± 870a
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2114 ± 705a
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7877 ± 4236a
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antigen + MISA

226 ± 211
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of repeated experiments and are shown as mean antibody titre (units/mL) ± SEM. a p<0.05, b p<0.01 , c p<0.0001 versus corresponding controls.

antibodies were calculated as the difference between GST-specific titres and tD15GST-specific titres. Results are from independent experiments, are representative

the appropriate his-tagged antigen onto DELFIA plates. For tD15GST-vaccinated mice, for which no corresponding his-tagged antigen existed, tD15-specific

antigens + MISA 206, antigens alone and MISA 206 alone. Serum was collected upon sacrifice and antigen-specific IgG1 and IgG2c were measured by coating

Table 4.3 Antigen-specific, serum antibody titre induced by intraperitoneal immunisation. Groups of 4-6 mice were intraperitoneally immunised with recombinant
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BALF IgA (units/mL)

representative of repeated experiments and are shown as mean antibody titre (units/mL) ± SEM. a p<0.05, b p<0.01, c p<0.0001 versus corresponding controls.

tD15-specific antibodies were calculated as the difference between GST-specific titres and tD15GST-specific titres. Results are from independent experiments, are

BALF by coating the appropriate his-tagged antigen onto DELFIA plates. For tD15GST-vaccinated mice, for which no corresponding his-tagged antigen existed,

antigens + MISA 206, antigen only, or MISA 206 only. BALF was collected upon sacrifice and antigen-specific IgG1, IgG2c and IgA were measured from the

Table 4.4 Antigen-specific, BALF antibody titre induced by intraperitoneal immunisation. Groups of 4-6 mice were intraperitoneally immunised with recombinant
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Intranasal vaccination with either P6his or P4his, together with CpG ODN adjuvant, significantly reduced the bacterial load in the lung homogenates obtained from mice that
were challenged with P. pneumotropica, compared to sham-immunised mice (Table 4.5).
In P6his + CpG ODN-immunised mice, the bacterial load in lung homogenates was reduced by approximately 50-fold (p<0.002). In P4his + CpG vaccinated mice, the bacterial
load was reduced by approximately 10-fold (p<0.05). In mice immunised with P6GST
and CpG ODN adjuvant, a trend of reduced bacterial load in the lung homogenate was
also noted (p<0.055). Similarly to the results for intraperitoneal immunisations, the bacterial burden in the nasal washes remained unaffected by intranasal vaccination with these
antigens (Table 4.5). In contrast to the reduction of bacterial load conferred by intranasal
P4his, P6his or P6GST, vaccination with P4GST, P26his, P26GST or tD15 did not reduce
the bacterial load in either the lungs or nasal washes of mice that were challenged with
intranasal P. pneumotropica (Table 4.5). These results are representative of the repeated
experiments.
4.2.3.2 Antibody induction following intranasal vaccination
Serum and BALF antigen-specific antibody titres induced by intranasal vaccination were
determined by DELFIA. Intranasal P4his, P6his, P6GST, P26his, P26GST and tD15GST
induced elevated levels of serum IgG1 while IgG2c was enhanced following immunisation with all antigens barring P4his (Table 4.6). Specific BALF IgG1 was elevated
following P6his, P6GST and P26his immunisation (Table 4.7). Immunisation with P6his,
P6GST, P26GST or tD15GST resulted in pronounced IgG2c titres and also enhanced the
antigen-specific IgA levels in BALF (Table 4.7).
4.2.3.3 Combined P6his and P4his intranasal immunisation
Intranasal immunisation with 10 µg of both P6his and P4his antigens plus CpG ODN adjuvant resulted in an approximately 50-fold reduction (p<0.01) in the pulmonary bacterial
load, compared to antigen only and adjuvant only controls (Table 4.8). Administration
of the combined vaccine resulted in a decrease in bacteria from the lungs that was not
dissimilar to P6his + CpG ODN given alone. No difference in the nasopharyngeal load
was observed between the groups (Table 4.8).

4.2.4 Elucidating mechanisms of intranasal P6his-induced protection
The characteristics and mechanisms of P6his-induced protection were investigated by
firstly determining whether passive transfer of P6his-antisera into naïve mice conferred
protection. Secondly, a time course of infection following P6his + CpG ODN immunisation was observed. Thirdly, the BALF cellular influx and cytokine responses to P6his
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repeated at least once. Data are represented as mean bacterial load (Log10 cfu) ± SEM.

b

p<0.05 versus

load in lung homogenates and nasal washes were determined. The results shown below are from independent experiments and are representative of experiments

with antigen and CpG ODN, antigen only, or CpG ODN only, then challenged intranasally with P. pneumotropica strain 2280/98. On day 2 postchallenge, bacterial

Table 4.5 Recovery of bacteria from lungs and nasal washes of mice intranasally immunised with recombinant OMPs. Groups of 4-6 mice were immunised intranasally
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calculated as the difference between GST-specific titres and tD15GST-specific titres. Results are from independent experiments, are representative of repeated

antigen onto DELFIA microtitre plates. For tD15GST-vaccinated mice, for which there was no corresponding his-tagged antigen, tD15-specific antibodies were

antigen + CpG ODN, antigen alone or CpG ODN alone. Antigen-specific IgG1 and IgG2c were measured from the serum by coating the appropriate his-tagged

Table 4.6 Antigen-specific, serum antibody titre induced by intranasal immunisation. Sera was collected from groups of 4-6 mice that were intranasally immunised with

154

6039 ± 3059a

P26GST

tD15GST

P26his

176 ± 120

24910 ±

7384a

1353 ±

6537 ± 2541a

P6his

91c

P6GST

6410 ± 3736

P4his

85 ± 36

ODN

antigen

P4GST

antigen + CpG

vaccine

43 ± 2.7

125 ± 18

326 ± 48

27 ± 1.6

16 ± 0.14

205 ± 144

1474 ± 596

antigen only

BALF IgG1 (units/mL)

42 ± 2

100 ± 9

175 ± 21

24 ± 1.3

4 ± 0.18

64 ± 29

630 ± 249

only

CpG ODN

7.2 ± 0.4

90 ±

17a

34 ± 29

5 ± 0.33

3 ± 0.08

13 ± 0.1

34 ± 4.2

223 ± 111

only

antigen

8.1 ± 0.98

523 ± 464

805 ± 242a

3968 ±

1297b

155 ± 119

918 ± 500

ODN

antigen + CpG

BALF IgG2c (units/mL)

10 ± 3

6.3 ± 1.7

5.9 ± 0.7

2 ± 0.2

4.7 ± 0.2

37 ± 4.3

94 ± 18

only

CpG ODN

1188 ±

230a

8742 ± 1981b

427 ± 30

2795 ± 919a

717 ±

27b

72 ± 10

8 ± 0.6

CpG ODN

antigen +

45 ± 12

284 ± 115

510 ± 51

10 ± 3.3

29 ± 1.3

61 ± 2.7

23 ± 3

only

antigen

36 ± 18

230 ± 49

448 ± 18

22 ± 7

96 ± 3.1

61 ± 3

31 ± 7

only

CpG ODN

BALF IgA (units/mL)

of repeated experiments and are shown as mean antibody titre (units/mL) ± SEM. a p<0.05, b p<0.01, c p<0.0001 versus corresponding controls.

antibodies were calculated as the difference between GST-specific titres and tD15GST-specific titres. Results are from independent experiments, are representative

his-tagged antigen onto DELFIA microtitre plates. For tD15GST-vaccinated mice, for which there was no corresponding his-tagged antigen, tD15-specific

with antigen + CpG ODN, antigen alone, or CpG ODN alone. Antigen-specific IgG1, IgG2c and IgA were measured from the BALF by coating the appropriate

Table 4.7 Antigen-specific, BALF antibody titre induced by intranasal immunisation. Sera was collected from groups of 4-6 mice that were intranasally immunised
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nasal wash

lung homogenate

4.20 ± 0.10a

4.28 ± 0.10a
4.60 ± 0.10

ODN

+ CpG ODN

4.58 ± 0.45

P6his + CpG

P6his + P4his

4.45 ± 0.34

4.93 ± 0.19b

ODN

P4his + CpG

(Log10 cfu) ± SEM. a p<0.01, b p<0.001 compared to P6his + P4his only and CpG ODN only.

4.15 ± 0.21

6.18 ± 0.17

only

P6his + P4his

4.37 ± 0.13

6.00 ± 0.24

only

CpG ODN

2280/98 and the bacterial load from lung homogenates and nasal washes was determined at day 2 postinfection. Results are represented as mean bacterial load

+ CpG ODN, P6his + CpG ODN, P4his + CpG ODN, P6his + P4his alone or CpG ODN alone. Mice were then intranasally challenged with P. pneumotropica

Table 4.8 Bacterial recovery following combined P6his + P4his + CpG ODN vaccination. Groups of 4 mice were intranasally immunised with either P6his + P4his
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immunisation was determined via an in vivo P6his antigen challenge model. Lastly, the
role of CD4+ and CD8+ T cells in P6his-induced protection was investigated by adoptive
transfer experiments.
4.2.4.1 Passive transfer of P6his-antisera
To determine if a protective effect could be conferred by P6his serum antibodies, naïve
mice each received 200 µL of anti-P6 sera by intraperitoneal injection. Two days after
the passive transfer of antibodies, mice were subsequently infected with P. pneumotropica. The transfer of P6his antisera to mice prior to P. pneumotropica infection was not
protective at two days postinfection as no difference in the bacterial recovery from the
lungs and nasal washes in mice given the P6his antisera and the control sera was noted
(Table 4.9).
4.2.4.2 Time course of infection following P6his vaccination
P6his-vaccinated mice or sham-immunised mice were intranasally infected with P. pneumotropica and the bacterial load was determined in lungs and nasal washes at day 2, 3,
4 and 5 postinfection. Enumeration of bacteria from mouse lungs indicated that P6his
vaccination reduced the bacterial load and enhanced the clearance of bacteria from the
lungs, compared to sham-vaccinated controls. P6his-vaccinated mice had significantly
reduced bacterial numbers at day 2, 3 and 4 postinfection of 48-fold (p<0.05), 380-fold
(p<0.05) and 1 380-fold (p<0.001) respectively (Figure 4.2). By day 5, bacteria were no
longer isolated from the lungs of P6his-immunised mice which was in contrast to the
sham-immunised mice. No significant differences between bacterial numbers in the nasal
washes were observed.
4.2.4.3 In vivo P6his challenge model
Preliminary attempts to determine vaccine-mediated protection mechanisms such as cytokine induction and cellular influx following immunisation and infection did not reveal
any differences between immunised and control groups. This was thought to be due to
the overwhelming and complex immune response to the bacterial infection itself. Hence,
a different approach using a P6his antigen challenge instead of bacterial challenge was
conducted.
Mice in the in vivo P6his challenge model were intranasally vaccinated with P6his and
CpG ODN following the usual protocol (Section 2.2.8.1), and 7 days later they were intranasally challenged with 100 µg P6his. On day 2 and day 3 following challenge, BALF
inflammatory cell infiltrate and cytokine levels were determined. Preliminary experiments
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Table 4.9 Bacterial recovery following passive transfer of anti-P6his sera or control sera. Groups
of 4 mice were injected with either anti-P6his sera or naïve sera then infected intranasally
with P. pneumotropica 2280/98. Bacteria were enumerated from the lung homogenate and
nasal wash 2 days following infection. Data are represented as mean bacterial load (Log10
cfu) ± SEM.

lung homogenate
nasal wash

Anti-P6his sera

Control sera

6.93 ± 0.26

6.10 ± 0.55

4.60 ± 0.32
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a

b

Figure 4.2 Time course of P. pneumotropica infection following P6his + CpG ODN vaccination.
Groups of 3-5 mice were intranasally vaccinated with P6his + CpG ODN or CpG ODN
only and were then intranasally inoculated with P. pneumotropica 2280/98. At 2, 3, 4 and 5
days postinfection, the bacteria were recovered and enumerated from (a) lung homogenate,
and (b) nasal washes. Results are represented as mean bacterial load (Log10 cfu) ± SEM. *
p<0.05, *** p<0.001 compared to corresponding controls.
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showed that LPS had to be removed from antigen preparations to decrease the neutrophil
influx to the lungs and physical symptoms (Table 4.3). Interestingly, it was noticed that
on day 1 following P6his challenge, mice that were immunised with P6his + CpG had
ruffled fur and were slightly hunched although active, despite the prior removal of LPS.
Mice that were sham-immunised with CpG ODN alone showed no physical symtoms. All
symptoms were cleared by day 2 postchallenge.
4.2.4.4 Inflammatory cell infiltrate induced by vaccination
Differential cell counts performed on BALF obtained from P6his-challenged mice showed
that the total number of inflammatory cells obtained from either treatment group were not
significantly altered (Figure 4.4a). However, a trend of increased total neutrophil numbers
in BALF was observed when compared to controls (Figure 4.4b). Additionally, the proportion of neutrophils in the BALF was affected by P6his + CpG ODN immunisation with
neutrophils accounting for approximately 81 % of inflammatory cells in the BALF on day
2 postchallenge, compared to 49 % in the controls (p<0.0001, Figure 4.4c). This increase
in neutrophil proportion was sustained on day 3 with neutrophils accounting for approximately 40 % of BALF cells in P6his + CpG ODN-vaccinated mice while CpG ODN
immunisation resulted in approximately 14 % neutrophils in the BALF (p<0.05, Figure
4.4c). For lymphocytes, P6his immunisation resulted in a trend of decreased lymphocyte
numbers following challenge (Figure 4.4d). Similarly, the proportion of lymphocytes in
the BALF was also decreased in P6his-immunised mice with lymphocytes accounting
for 0.7 % of inflammatory cells compared to 3 % in the control group (p<0.05, Figure
4.4e). A trend of decreased macrophage numbers was observed in mice vaccinated with
P6his at day 2 following challenge, compared to controls (p<0.05; Table 4.4f). Similarly,
macrophage proportion was significantly decreased in P6his-immunised mice on day 2
and day 3 with macrophages accounting for approximately 17 % (p<0.005) and 59 %
(p<0.0005) respectively, while controls were observed at 39 % and 83 % (Figure 4.4g).
4.2.4.5 Cytokine induction
No changes in IL-4 and IL-5 were observed in either P6his + CpG ODN- or CpG ODNimmunised mice on either day 2 or 3 (Figure 4.5a, b), although these titres were very
low. Contrastingly, differences in IL-13, IL-10, IFN-γ, IL-17 and IL-21 levels were noted
between the treatment groups on day 2 but were similar by day 3. For IL-13, an increase was noted in P6his-immunised mice (31.45 ng/mL; p<0.01) compared to controls
(15.74 ng/mL; Figure 4.5c). IL-10 levels induced by P6his + CpG ODN-immunisation
were significantly enhanced compared to control mice at 20.74 ng/mL and 12.48 ng/mL
respectively (p<0.01, Figure 4.5d). IFN-γ amounts in P6his-vaccinated compared to control groups were 12.37 ng/mL versus 8.95 ng/mL respectively (p<0.01) while IL-17 levels
were 5.92 ng/mL versus 3.19 ng/mL (p<0.05, Figure 4.5e, f). Levels of IL-21 were also
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Figure 4.3 Neutrophil proportion in BALF following P6his antigen challenge. Groups of 3 mice
were intranasally challenged with P6his with endotoxin removed (P6his-LPS) or P6his
without endotoxin removed (P6his+LPS). The induction of neutrophils in the BALF were
then investigated by differential cell counts. Results are represented as mean neutrophil proportion (% of total BALF inflammatory cells) ± SEM. ** p<0.01 compared to P6his+LPS.
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Figure 4.4 Inflammatory cell infiltrate induced by P6his + CpG ODN vaccination. Groups of 5
mice were intranasally vaccinated with P6his + CpG ODN or CpG ODN alone, then challenged intranasally with 100 µg P6his. BALF was collected at 2 and 3 days postinfection
(pi) and assessed for (a) total cell counts, (b) total neutrophil counts, (c) neutrophil proportion of total cells, (d) total lymphocyte counts, (e) lymphocyte proportion of total cells, (f)
total macrophage counts, (g) macrophage proportion of total cells. Data are shown as mean
cell numbers (cells/mL) ± SEM for (a), (b), (d) and (f); and mean proportion (% of total

BALF inflammatory cells) ± SEM for (c), (e) and (g). * p<0.05, ** p<0.005, *** p<0.0005
versus corresponding CpG ODN only controls.
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Figure 4.5 IL-4, IL-5, IL-13, IL-10, IFN-γ, IL-17 and IL-21 responses in BALF of P6hisimmunised mice. Groups of 5 mice were intranasally vaccinated with P6his + CpG ODN
or CpG ODN only, then challenged intranasally with 100 µg P6his. Cell-free BALF was
collected at 2 and 3 days postinfection (pi) and assessed for (a) IL-4, (b) IL-5, (c) IL-13,
(d) IL-10, (e) IFN-γ, (f) IL-17 and (g) IL-21 production by microtitre plate-DELFIA. Data
are represented as mean cytokine levels (ng/mL) ± SEM. * p<0.05, ** p<0.01 versus corresponding CpG ODN controls.
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increased in P6his-immunised mice compared to controls and were 10.16 ng/mL and
3.07 ng/mL respectively (p<0.01, Figure 4.5g).
4.2.4.6 Adoptive transfer
LDLN CD4+ or CD8+ T cells from P6his-vaccinated mice were adoptively transferred
into naïve mice which were subsequently infected with P. pneumotropica. Assessment of
bacterial load from infected mice showed that T cells induced by P6his intranasal vaccination conferred protection to naïve mice. The transfer of CD4+ T cells from P6hisvaccinated mice reduced the pulmonary bacterial load in infected mice by approximately
5-fold (p<0.05), compared to controls (Table 4.10). The transfer of CD8+ T cells resulted
in a trend of reduced pulmonary bacterial load of approximately 2 to 3-fold (p<0.06-0.08).
Adoptive transfer of either CD4+ or CD8+ T cells did not affect the bacterial numbers in
the nasal wash (Table 4.10).

4.2.5 Comparison of P4his antigenicity in different mouse strains
The lack of serum antibody responses in mice intranasally vaccinated with P4his was
suprising. To determine whether this observation was due to the strain of mice used in the
study, P4his + CpG ODN intranasal immunisation was performed in three different mouse
strains (C57BL/6J, BALB/c and CBA/CaH) and anti-P4his titres were then determined
from serum. Interestingly, BALB/c and CBA/CaH mice were capable of producing antiP4his responses whereas C57BL/6J mice were nonresponsive (Figure 4.6). Antibody
titres from BALB/c and CBA/CaH serum were approximately 200-fold greater and 70fold greater respectively, than titres obtained from C57BL/6J mice (Figure 4.6).

4.3 Discussion
4.3.1 Optimisation of experimental infection
The 2280/98 strain was chosen as the infecting strain due to it being one of the faster
growing strains (see Chapter 3). It was found that the severity of pulmonary infection
in mice infected with P. pneumotropica 2280/98 occurred in a dose-dependent fashion,
with the highest inoculum (108 cfu) leading to death while the lower inocula, i.e.107 cfu
and 106 cfu, resulted in disease that was eventually resolved. Our results differ from a
previous study of P. pnemotropica experimental infection (Chapes et al., 2001), where
it was determined that wild-type C57BL/6J mice were generally resistant to infection
induced by 4 ×108 cfu of the type strain and only induced minimal symptoms. The
virulence of the bacterial strain used could thus be an important factor in the development
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Adoptive transfer 2

Adoptive transfer 1

nasal wash

lung homogenate

nasal wash

lung homogenate

(Log10 cfu) ± SEM. a p<0.05 versus control.

7.51 ± 0.07

7.26 ± 0.20a
4.64 ± 0.19

4.49 ± 0.13

4.66 ± 0.41

7.43 ± 0.12

7.22 ± 0.13a
4.03 ± 0.18

P6his CD8+ T cells

P6his CD4+ T cells

4.93 ± 0.17

7.72 ± 0.07

4.97 ± 0.48

7.93 ± 0.18

control T cells

following infection, lung homogenates and nasal washes were assessed for bacterial load. Results of 2 separate experiments are shown as mean bacterial load

mice were purified and adoptively transferred into groups of 4-5 naïve mice. Mice were then intranasally challenged with P. pneumotropica 2280/98 and 2 days

Table 4.10 Bacterial recovery following adoptive transfer of T cells. LDLN CD4+ and CD8+ T cells from P6his + CpG ODN-immunised or CpG ODN-immunised

C HAPTER 4

Figure 4.6 Anti-P4his IgG1 titre following intranasal P4his immunisation in three different
mouse strains. C57BL/6J, BALB/c and CBA/CaH (n=3) mice were intranasally immunised
with P4his + CpG ODN and sera was collected and assessed for anti-P4his by DELFIA.
Results are shown as mean antibody titre (europium counts) ± SEM. * p< 0.05, ** p<0.01
versus C57BL/6J group.
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of respiratory infection and it appears that the strain used in the present study was more
virulent. In order to assess the efficacy of the vaccinations, it was prudent to inoculate
mice with a bacterial dose that resulted in disease but not death. To achieve this end, the
sublethal dose of 5×107 cfu was chosen as the inoculating dose so mice would not rapidly
succumb to infection or rapidly clear bacteria from lungs. Additionally, this inoculum
resulted in a reliable recovery of bacteria from the lungs of infected mice. The peak of
bacterial recovery from the lungs occurred between 24 and 48 hr postinfection, hence,
the 48 h time point was chosen to asssess whether vaccination with recombinant proteins
could affect pulmonary and nasopharyngeal bacterial load.
Following experimental infection, P. pneumotropica was recovered from both the lung
and the nasopharynx and this was confirmed by colony morphology, Gram stain and
P. pneumotropica-specific PCR. Decreasing numbers of bacteria continued to be recovered from the lungs until approximately 7 days postinoculation at which time complete
pulmonary clearance was achieved. Bacterial recovery from the nasopharynx occurred
up to at least 31 days post-inoculation and provided evidence that C57BL/6J mice could
carry P. pneumotropica asymptomatically in the upper respiratory tract. This is consistent
with previous reports of P. pneumotropica being isolated from healthy rodent colonies
(Pritchett-Corning et al., 2009). These results also demonstrate the limitation of NTHi
rodent models where bacteria are cleared from mice within a few hours (Foxwell et al.,
1998), and highlight that this alternative infection model that uses a natural host has potential in the study of respiratory and bacterial immunity. A natural host infection model
such as this offers a number of advantages over other infection models. Firstly, the results show that the P. pneumotropica time course of infection occurred over days rather
than hours as in NTHi murine models. Secondly, the infection could be established by
intranasal inhalation, unlike the intratracheal canulation required in NTHi murine infections (Kyd et al., 1995; Bertot et al., 2004). Thirdly, host responses to a natural infection
can be examined over the course of an infection.

4.3.2 Vaccine efficacy
The recovery of bacteria from immunised mice infected with P. pneumotropica showed
that intranasal vaccination with P6his + CpG ODN or P4his + CpG ODN significantly
reduced the bacterial load at 48 h postinfection by approximately 50-fold or 10-fold respectively. A trend of P6GST-conferred protection was also noted. The efficacy of P6his
immunisation was further demonstrated over the course of bacterial infection in the lung.
Enhanced clearance of the bacteria was observed in vaccinated mice with bacteria being
cleared by 5 days postinfection while nonimmune mice still harboured pulmonary bacteria. The magnitude of bacterial reduction in this model is greater than previous intranasal
P6 immunisation studies such as Bertot et al. (2004) who showed that mice immunised
with a recombinant P6 exhibited almost a 4-fold reduction in pulmonary bacteria 4 h fol168
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lowing bacterial challenge.
This is the first study to demonstrate the protective capacity of intranasally administered
recombinant P6 in a natural host infection. Previous natural host models investigating
P6-mediated immunity such as the P. multocida infection of turkeys or the A. pleuropneumoniae infection of swine did not exhibit protection, although these previous studies
used systemic immunisation rather than mucosal immunisation. The protective capacity
of recombinant P6 and P4 in this P. pneumotropica infection model extends the findings
of successful intranasal vaccination studies against NTHi in murine models (Sabirov et
al., 2001; Hotomi et al., 2005) and further supports the inclusion of these antigens in
NTHi vaccine candidate research.
Mechanistic studies of P6his-mediated protection indicated that P6his vaccination and
challenge induced a significant neutrophil influx into the lungs at day 2 and 3 postchallenge. Furthermore, cytokine analysis of BALF revealed that IL-17, IL-21, IL-10, IL-13
and IFN-γ levels were all increased, which suggests a role for T cells in P6his-mediated
protection. T-cell responses have previously been implicated in NTHi infection with King
et al. (2003) showing that COPD patients exhibited a defective T-cell response which implicated these cells in host defence against NTHi infection. Of interest is the significantly
enhanced levels of cytokines IL-21 and IL-17. Both cytokines are produced by a variety
of immune cells including the CD4+ T-cell subset Th17, and are involved with enhancing neutrophil recruitment (Ferreti et al., 2003), granulopoiesis (Scharzenberger et al.,
1998), macrophage activity (Shahrara et al., 2009) and antimicrobial-peptide production
(Kao et al., 2004). IL-17 acts as a chemoattractant by inducing a host of other cytokines
and chemokines involved in neutrophil recruitment and activation. IL-17 responses have
been implicated in host defense against other extracellular respiratory infections including
K. pneumoniae (Ye et al., 2001) and S. pneumoniae (Lu et al., 2008). IL-21 is involved
in regulating lymphocyte responses including Th17 (Korn et al., 2007). The induction
of IL-17 and IL-21 in the present study may explain the increase in neutrophils observed
in the BALF of P6his-vaccinated mice compared to the sham immunised controls, and
implicates a role for IL-17- and IL-21-producing cells such as the CD4+ T-cell subset,
Th17. The P6his vaccination also induced IFN-γ, IL-10 and IL-13. The presence of
these cytokines could also indicate that Th1 and Th2 response are induced. Mixed T-cell
responses have been previously observed following acellular B. pertussis vaccination in
children where a mixed Th1/Th2 response, involving IFN-γ and IL-5 cytokines, was induced from T cells (Ryan et al., 1998). NTHi studies have also implicated Th2 responses
in P6-mediated protection with Kodama et al. (2000) demonstrating that Th2 cytokine
mRNA were expressed in P6-stimulated T cells. The results here provide a profile of a
response that is associated with protection. They can now be extended to further studies
that would include a comparison of responses to protective and non-protective antigens,
an extension of the time course of the responsiveness, and the effects on cells, such as
the activation of neutrophils via nitric oxide levels. A more detailed study could examine
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different immunisation regimens to link the type of inflammation and cytokine with their
ability to reduce the bacterial infection.
To test the hypothesis that T cells were involved in P6-mediated protection, the adoptive transfer of T cells was performed. It was found that CD4+ T cells obtained from
the LDLN significantly reduced the numbers of bacteria in the lungs of infected, naïve
mice, confirming the importance of these cells in protection. The precise mechanisms
of CD4+ T-cell–mediated protection in P6his-vaccinated mice however, could not be determined within the tenure of this study. Studies in mycobacteria have suggested that
the initial IL-17 response triggers Th1 recruitment, and that it is the Th1 response that
is required for bacterial clearance (Khader et al., 2007). Similarly, Umemura and others
(2007) showed that IL-17 knockout mice exhibited impaired IFN-γ and Th1 responses
and defective immunity. Interestingly, the magnitude of protection following adoptive
transfer, which was an approximately 5-fold reduction in pulmonary bacterial load, was
less than the approximately 50-fold decrease observed in P6his vaccinated mice. The requirement of other protective mechanisms or the transfer of a suboptimal number of cells
may have contributed to this observation. Since the CD4+ T cell population that was
found to be protective was not 100% pure it is possible that interactions with a minority
population, such CD8+ cells or other cell types including γδ T cells and NKT cells, could
help the induction of protection.
The adoptive transfer studies showed that CD8+ cells conferred a slight trend of decreased
bacterial recovery. The role of these cells may be important in P6his-mediated immunity
as other studies have implicated CD8+ T cells in pulmonary clearance of bacteria from
murine lungs (Foxwell et al., 2001). Additionally, in human NTHi studies, King and
others (2008a) also determined that cytotoxic T cells were induced in patients with NTHi
infection. CD8+ T cells can also produce IL-17, as seen in a K. pneumoniae model
(Happel et al., 2003) and it is possible that this cell population may be contributing to the
IL-17 and neutrophil influx seen in the present study. The present study did not investigate
the role of other cell types including γδ T cells and NKT cells which may also be involved
in vaccine-mediated protection. Kawakami et al. (2003) demonstrated that NKT-knockout
mice exhibited more severe S. pneumoniae infection compared to wildtype mice while
Foxwell and colleagues (2001) showed that γδ T cells were induced in mice immunised
with whole cell NTHi. Further studies to elucidate the role of CD8+ T cells in P6hismediated protection and whether other cell types are involved are warranted.
The combination vaccine consisting of the P6his and P4his antigens was studied as these
OMPs are present at relatively small numbers (1 to 5 %) on the surface of bacteria (Munson and Granoff, 1985; Green et al., 1993). Thus, a component vaccine that consists of a
number of protective epitopes may improve efficacy. There is also evidence that certain
H. influenzae OMPs may be synergistic when administered together (Deich et al., 1990;
Green et al., 1991). The combination of P6his and P4his resulted in an approximately 50fold decrease in the pulmonary bacterial load. This, however, was similar to P6his + CpG
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ODN vaccination alone and did not provide evidence of an additive or synergistic effect.
Interference between P6 and P4 in component vaccines has been noted previously with
Hotomi and others (2005) observing that antisera raised to a combined, recombinant P6
and P4 vaccine resulted in bactericidal acitivity similar to the P4 vaccine given alone. Additonally, the investigators found that bacterial clearance following the combined vaccine
was similar to the individual P4 vaccination. Mawas et al. (2007) demonstrated that the
vaccination of mice with a component vaccine consisting of recombinant, lipidated P6 and
P4 from NTHi together with UspA2 from M. catarrhalis induced decreased murine antibody titres to P6 and P4, compared to immunisation with the individual antigens. Those
previous studies hypothesised that some interference occurred between recombinant P6
and P4 and reduced antigenicity of the combined proteins. It was previously suggested
that since the pI of P6 is acidic and P4 is basic, combining these two antigens may result in a complex that alters the conformation of the antigens and hence, their protective
capacity (Green et al., 1993). This may explain the lack of additive or synergistic effect
seen in the present study. Further study is required to investigate any interference of the
two proteins.
Interestingly, the intraperitoneal administration of P6his and P4his antigens did not protect mice from intranasal P. pneumotropica challenge. In contrast, it was shown that
intraperitoneal immunisation with a whole cell, killed P. pneumotropica vaccine could
significantly reduce the bacterial load in both the lungs and nasal wash in mice challenged
with a heterologous strain of P. pneumotropica. The pronounced difference in protection
following the whole cell vaccination compared to individual, recombinant protein vaccination could be due to the greater diversity and magnitude of protective epitopes included
in the whole cell preparation. A successful OMP vaccine for human use may thus benefit
from the inclusion of multiple protective antigens. In the present study, it was found that
whole cell P. pneumotropica immunisation with killed C7584-1A strain mediated protection against a heterologous strain (2280/98). Previous NTHi studies have also observed
heterologous protection in NTHi whole cell vaccination studies in chinchillas (Yang et
al., 1998b) and in human studies (Arandjus et al., 2006). However, Faden and colleagues
(1989) found that the presence of antibody against one strain of NTHI did not ensure
immunity against other strains in otitis-prone children which indicates the importance of
defining antigens that induce heterologous protection.
The lack of protection induced by the intraperitoneal administration of P6his or P4his
lends support to the observation that local immunisation may be more efficacious than
systemic immunisation in inducing immunity at the mucosal surfaces. Additionally, it
was found that vaccination via different routes affected the antibody responses. For example, intranasal immunisation with P6his elicited IgG1, IgG2c and IgA in serum (Table
4.6) and BALF (Table 4.7) while intraperitoneal immunisation with the same antigen induced serum and BALF IgG1 and IgG2c but not BALF IgA. Several studies have noted
differences in immune responses following mucosal compared to systemic vaccination.
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For example, in a P. aeruginosa murine model, intranasal vaccination was shown to elicit
specific IgA in the respiratory tract while parenteral vaccination did not (Zuercher et al.,
2006). In a N. meningiditis study in humans, systemic intramuscular vaccinations induced greater antibody titres than intranasal vaccinations (Aase et al., 2003). Skelding et
al. (2006) found that intranasal immunisation of Chlamydophila pneumoniae major OMP
elicited IgA in the BALF whereas transcutaneous immunisation did not. These findings
emphasise the importance of stimulating mucosal immune responses.
Significant titres of specific serum and BALF antibodies induced by vaccination failed to
correlate with protection. For example, P6his + CpG ODN intranasal immunisation was
associated with antibody production and protection whereas P26GST + CpG ODN vaccination, although also associated with both serum and nasal wash antibody production,
was not protective. Similarly, intraperitoneal immunisation with the recombinant OMPs
elicited specific antibody but was not effective in reducing the bacterial load following intranasal infection. Additionally, intranasal immunisation with P4his + CpG ODN induced
protective immunity in the absence of detectable levels of antigen-specific antibodies in
either the serum or nasal wash. In contrast, the role of antibody in NTHi protection appears to be important with studies showing that immunisation with NTHi P6 (Kyd et
al., 1995; DeMaria et al., 1996) and P4 (Hotomi et al., 2005) OMPs elicited protective
bactericidal antibodies. In human studies, NTHi antiserum was very effective in killing
NTHi (King et al., 2008b). However, Green and colleagues (1993) noted that immunisation with NTHi OMPs in a chinchilla model failed to elicit bactericidal antibodies even
though specific antisera was produced. These differences may be indicative of differing
host responses. Although the bactericidal activity of the OMP antisera produced in the
current study was not determined, the passive transfer results suggest that OMP-mediated
protection in the P. pneumotropica model, at least for P6his, may be induced by mechanisms other than antibody. Indeed, several studies have found that vaccine-mediated
immunity to some respiratory pathogens may be due to T-cell mechanisms, such as for
S. pneumoniae (Malley et al., 2006; Basset et al., 2007) and B. pertussis (Higgins et al.,
2006), for which Th17 responses are implicated. Importantly, the antibody data indicated
here highlight the need for appropriate correlates of protection.
Intranasal immunisation with P6his or P4his, either individually or in combination, did
not alter nasopharyngeal colonisation compared to controls on day 2 postinfection, despite a reduction in pulmonary bacterial load. Additionally, the bacterial load in the nasal
wash was similar between P6his-immunised and sham-immunised mice at day 5 postinfection, further suggesting that nasopharyngeal colonisation was unaffected by intranasal
P6his immunisation. These results are in contrast to studies showing that intranasal immunistion with native P6 (Hotomi et al., 1998), recombinant P6 (Hotomi et al., 2002), and
recombinant P6 or P4 (Mason et al., 2004) enhanced the nasopharyngeal clearance of bacteria in NTHi mouse models. These contrasting outcomes may be due to the differing host
responses to the different bacteria. As this is the first study to assess recombinant OMP
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immunisation in the natural P. pnuemotropica infection model, little is known about the
immune responses involved and further study is required to determine the precise mechanisms. It is likely that the immune responses induced in NTHi and P. pneumotropica
models would be different.
Recombinant P26 and tD15 were not effective at reducing the P. pneumotropica bacterial load in this model, either following intranasal or intraperiotneal immunisation. These
results are contrary to the findings of P26 and D15 immunisation in H. influenzae models (Flack et al., 1995; Yang et al., 1998a; Poolman et al., 2000; Kyd et al., 2003) and
P. multocida models (Ruffolo and Adler, 1996). They, however, do not necessarily suggest that P26 and D15 are poor vaccine candidates as there are a number of possible
explanations for their lack of protection. For example, previous P26 studies demonstrated
that the preprotein form of recombinant P26, which contained the signal peptide, was
more immunogenic and proved more effective in protecting against murine NTHi challenge, compared to a recombinant P26 that lacked this signal peptide (El-Adhami et al.,
1999). In our current study, the removal of the predicted signal peptide from P26his and
P26GST may have compromised the efficacy of this OMP. It is interesting to note that
the P26 protein, homologous to the skp protein of E. coli, is a periplasmic chaperone involved in the transport of newly synthesized OMPs across the cytoplasmic membrane to
the outer membrane. Since this protein is not an integral outer membrane component, it
is not clear why this protein or its preprotein form would be a target for protective immunity. For tD15, it is possible that the protective epitope present in the homologous
fragment obtained from NTHi was not shared by the P. pneumotropica homologue. Indeed, in a P. multocida infection model in chickens, a truncated P. multocida, comprising
of the first 130 N-terminal amino acids, did not protect against infection (Mitchison et
al., 2000), suggesting that the protective epitope was not present in this region. Additionally, the recombinant proteins may exhibit an altered conformation to the native form,
thus obscuring protective epitopes. Further studies to compare the efficacy of the native
P. pneumotropica OMPs to the recombinant OMPs may be desirable. It is also possible
that the results of the current study reflect differences in the host response to H. influenzae
and P. pneumotropica.
Several other factors may have contributed to unsuccessful vaccination including the time
frame of infection, GST interference, adjuvant type, the role of posttranslational protein
modification, and whether the mouse strain used was appropriate. It is possible that the
time frame in which the infection experiments were conducted was too limited to assess
the efficacy of the vaccine antigens. The 48 h time point was chosen as the time course
experiments showed that this corresponded to the peak bacterial load. Assessing the bacterial load at time points later than 48 h time point may be desirable.
In the current study, intranasal P6his + CpG ODN immunisation, but not P6GST + CpG
ODN immunisation, significantly reduced bacterial load. This may indicate that the GST
component may be hindering vaccine efficacy, potentially by affecting the conformation
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of the antigen and epitope exposure. Other studies cleaved the GST component, leaving
OMP antigen intact, such as the protective NTHi tD15 examined by Yang et al. (1998a).
Further studies to determine the efficacy of cleaved recombinant antigens may be of interest.
The choice of adjuvant may also affect vaccine efficacy especially in the case of the intraperitoneal vaccinations. The MISA 206 adjuvant used in the present study was previously used in a number of animal studies including foot and mouth disease in goats
(Patil et al., 2002), a measles murine model (Halassy et al., 2006), and a P. multocida
murine model (Basagoudanavar et al., 2006). Montanide adjuvants were used because
they are more acceptable to complete Freund’s adjvant as adverse side effects are minimised (Leenaars et al., 1998). However, recombinant vaccinations using the MISA 206
adjuvant did not protect mice and thus it may not be ideal for inducing the appropriate protective immunity in the P. pneumotropica model. A focus on mucosal adjuvants including
CpG ODN may be warranted for other vaccine studies.
It has also been shown that the lipid modification associated with bacterial lipoproteins
contributes to their immunogenicity by influencing secondary structure and correct folding (Erdile et al., 1993; Yang et al., 1997). Following signal peptide cleavage in bacterial
lipoproteins, the N-terminal cysteine residue is involved in linkage to a lipid moiety. In
our study, the recombinant P6 and P4 forms were non-lipidated due to the omission of the
signal peptide and the substitution of the N-terminal cysteine residue to a serine residue.
In the present study, the use of non-lipidated recombinant P6 and P4 may have diminished
the efficacy of these antigens. Further studies using P6 and P4 in the P. pneumotropica
infection model should compare the efficacy of the lipidated antigens. However, an issue
associated with the generation of lipidated proteins is the difficulty in expressing them
as recombinant antigens (Yang et al., 1997), which may impact on their usefulness as
vaccine candidates.
It was observed that intranasal P4his + CpG ODN did not induce detectable serum or
BALF antibodies. A strain control was performed and showed that the strain of mice
used for P4his immunisation studies, C57BL/6J, may not have been the optimal strain.
Investigating P4his-induced immunity in other mouse strains may be more suitable and
the degree of protection could be improved.
In conclusion, it was shown that intranasal immunisation with P6his or P4his, administered individually or in combination, was effective in reducing the bacterial load of
P. pneumotropica in mouse lungs, highlighting the importance of mucosal immunity. Intranasal or intraperitoneal immunisations with the other recombinant antigens were not
protective. The apparent lack of correlation between antibody production and protection
indicated that mechanisms other than humoral responses were involved. Protective responses induced by P6his were elucidated in the P. pneumotropica model, and included
the influx of inflammatory cells to the lungs, the induction of cytokines and the induction
of CD4+ T cells. The P6 and P4 proteins thus provide a model for studying protective
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immunity to an infection in a natural host.
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5.1 Introduction
The current understanding of how respiratory infection interacts with respiratory allergy
is limited and is complicated by contradictory findings. For example, the hygeine hypothesis implicates a waning number of childhood infections on the increase in allergic
disorders, while, in contrast, other evidence suggest that childhood infections contribute
to the pathogenesis of atopy and allergy. Furthermore, exacerbations of allergic disease
can also be triggered by infection.
Crucial to understanding the details of these interactions are animal models of allergy
and infection that allow the study of many scenarios, such as the effect of concurrent allergy and infection and the effect of infection on allergen sensitisation. For example, a
S. pneumoniae and OVA allergy model demonstrated that OVA-induced allergic rhinitis
could worsen concurrent sinusitis (Blair et al., 2001) while B. pertussis and OVA allergy
models showed that infection at the time of allergen sensitisation enhanced allergic inflammation and involved enhanced IL-10 and IL-13 production (Ennis et al., 2004). In
the previous chapters, it was shown that a P. pneumotropica infection in mice was useful
in elucidating mechanisms in vaccine-mediated protection. We thus sought to use this
infection model to discern the interaction with allergy induced by the proteolytic allergen, papain. Papain, a papaya-derived homologue of the major house dust mite allergen
Der p 1 that is commonly used in food and pharmaceutical industries, causes allergen
sensitisation in humans (Zentner et al., 1997). In murine studies, papain sensitisation,
without requiring adjuvant, induces elevated eosinophils, papain-specific IgE and IgG1,
and a Th2-associated cytokine milieu (Chambers et al., 1998; McGlade et al., 2007), and
thus, is useful in the study of immune responses associated with allergy. The model of
McGlade and colleagues (2007) is particularly useful because the sensitisation was produced by intranasal administration, which is clinically relevant, and was shown to persist
on repeated application of allergen.
Given that exacerbation of asthma symptoms are commonly of an infectious origin and
the recent evidence that asthma may be a risk factor for respiratory infection such as
pneumonia (Juhn et al., 2008), the P. pneumotropica infection model was combined with
a papain sensitisation model. This enabled the study of an ongoing pulmonary allergy and
pulmonary bacterial infection, and the effect of an allergic reaction in mice colonised by
respiratory bacteria.

5.2 Results
5.2.1 Papain sensitisation and challenge model
Preliminary optimisation experiments showed that a papain sensitisation and boost regimen (Chapter 2.2.10.1) with 10 µg of activated papain, followed by a challenge regimen
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of 60 µg activated papain resulted in enhanced titres of papain-specific IgG1, IgG2c and
IgE in the sera of mice at 24 h postchallenge, compared to sham-sensitised controls that
also underwent the challenge regimen (Figure 5.1a-c). Following challenge, sensitised
mice also showed physical symptoms, such as ruffled fur and slightly hunched postures,
within 4 h of receiving each challenge dose. Symptoms had dissipated by 24 h after each
challenge. Increased redness and size of the lungs were also noticed in papain-sensitised
mice compared to controls when the mice were autopsied to measure cellular infiltrate
and cytokines.
The BALF cellular infiltrate was assessed on days 1, 3 and 7 following papain challenge
and papain-sensitised mice exhibtited a significantly increased number of inflammatory
cells at day 1 and day 3 (p<0.01), compared to sham-sensitised mice (Figure 5.2a). By
day 7, the total cell numbers in the papain-sensitised group were similar to the control.
The total number of eosinophils was increased at day 1 and day 3 (Figure 5.2b) in papainsensitised mice. For lymphocytes, there was an increase in total number on day 1 and day
3 (Figure 5.3c). A trend of increased total macrophage number was observed in day 1 and
3 (Figure 5.2d). Neutrophil numbers were enhanced in the papain-sensitised mice (Figure
5.2e).

5.2.2 Concurrent respiratory allergy and respiratory infection model
To assess the effects of respiratory infection on an ongoing respiratory allergy, mice were
sensitised and boosted with papain, then challenged with papain, as above, to induce allergic inflammation of the airways. Controls were sham-sensitised and -boosted, then challenged with papain. A day following the final allergen challenge, mice were intranasally
infected with 5 × 107 cfu P. pneumotropica 2280/98 (Chapter 2.2.10.2). Bacterial recovery, inflammatory cell influx, antigen-specific antibodies and cytokine production was
determined at 3, 4, 5 and 10 days postinfection.
5.2.2.1 Effect on bacterial recovery
Mice with concurrent allergic inflammation and infection had the same degree of infection at day 3 but there were markedly decreased bacterial numbers in the lungs on day
4 (p<0.05), 5 and 10 postinfection when compared to nonsensitised controls. This difference was approximately 500 000-fold (Figure 5.3a). In the nasal washes, a decrease
in bacterial number was also observed in the sensitised mice but not to the same extent
as that seen in the lungs. Decreased bacterial numbers were observed on day 4 (p<0.05)
and day 5 in the papain-sensitised group while bacterial numbers on day 3 and 10 were
similar between the treatment groups (Figure 5.3b).
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Figure 5.1 Papain-specific serum antibodies obtained from mice that were sensitised, boosted and
challenged with papain. Groups of 4-5 mice were sensitised, boosted and challenged with
papain while control mice were sham-sensitised and -boosted then challenged with papain.
24 h postchallenge, sera was collected and assessed for papain-specific (a) IgE, (b) IgG1,
(c) IgG2c. Data are represented as mean antibody titre (units/mL) ± SEM. * p<0.05, ***
p<0.001 versus corresponding sham-sensitised controls.
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Figure 5.2 Inflammatory cell infiltrate in BALF of papain-sensitised, boosted and challenged
mice. Groups of 4-5 mice were sensitised, boosted and challenged with papain (+). Control mice were sham-sensitised and -boosted then challenged with papain (-). On days 1,
3 and 7 following the final challenge dose, BALF was collected and assessed for (a) total
inflammatory cell numbers, (b) total eosinophil numbers, (c) total lymphocyte numbers, (d)
total macrophage numbers and, (e) total neutrophil numbers. Results are represented as
mean (cells/mL) ± SEM. * p<0.05, ** p<0.01, *** p<0.001 versus corresponding shamsensitised mice.
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Figure 5.3 Bacterial recovery from lungs and nasal washes of mice with concurrent respiratory
allergy and infection. Groups of 4-5 mice were sensitised, boosted and challenged with
papain (+). Control mice were sham-sensitised and -boosted then challenged with papain
(-). A day after the final papain challenge, mice were intranasally infected with 5 × 107

cfu P. pneumotropica 2280/98. Bacteria from the (a) lungs, and (b) nasal washes were
enumerated at days 3, 4, 5 and 10 postinfection. Results are represented as mean bacterial
load (Log10 cfu) ± SEM. * p<0.05 versus corresponding sham-sensitised controls.
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5.2.2.2 Effect on inflammatory cell infiltrate in the BALF
Assessment of BALF infiltrate showed that the total number of inflammatory cells were
not significantly different at day 3 and 4 (Figure 5.4a). By day 5, however, the total cell
numbers in the nonallergen-sensitised group had increased significantly by nearly 6-fold
(p<0.001), although this did not occur in the allergic mice. This increase continued until
day 10 postinfection, although to a lesser extent, with the total cells almost 2-fold greater
(p<0.05) in nonallergic mice compared to allergic (Figure 5.4a). The total numbers of
eosinophils on day 3, 4, 5 and 10 were enhanced in the sensitised group compared to
controls by as much as 9-fold on day 5 (p<0.05; Figure 5.4b). The total numbers of lymphocytes obtained were increased on day 4 and 5 in the allergic group, with a difference
of approximately 7-fold (p<0.05) on day 4 and approximately 12-fold (p<0.05) on day
5 (Figure 5.4c). In contrast, macrophage numbers were greatly decreased in sensitised
mice compared to controls on day 5 and 10 (Figure 5.4d). The largest difference was
found in the neutrophil count where nonsensitised mice showed a large increase of cells
on day 5 but this did not occur in the sensitised mice. For neutrophils, total numbers were
decreased in papain-sensitised mice on days 4, 5 and 10 (Figure 5.4e).
5.2.2.3 Effect on papain-specific antibodies
Papain sensitisation induced papain-specific IgE, IgG1 and IgG2c in the serum compared
to sham-sensitised controls (Figure 5.5a-c). Papain-specific IgE in the papain-sensitised
group was increased on day 3, 4 and 5 (Figure 5.5a). The increased titre of IgG1 was
sustained from day 3 to day 10 (Figure 5.5b) and papain-specific for IgG2c was increased
over day 3, 4, and 5.
5.2.2.4 Effect on P6-specific antibodies
Preliminary experiments showed that P. pneumotropica infection induced anti-P6 antibodies. In the serum, there were no differences in anti-P6 IgG1 or IgG2c titre observed
between the two treatment groups until day 10. Here, the titre of anti-P6 IgG1 was significantly increased by approximately 3-fold (p<0.01) in the control group compared to the
papain-sensitised group (Figure 6.6a). A similar trend was noted for anti-P6 IgG2c titres
(Figure 5.6b).
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Figure 5.4 Cellular infiltrate in BALF from mice with concurrent respiratory allergy and infection. Groups of 4-5 mice were sensitised, boosted and challenged with papain (+). Mice
in the control group were sham-sensitised and -boosted then challenged with papain (-).
A day after the final papain challenge, mice were intranasally infected with 5 × 107 cfu

P. pneumotropica 2280/98. On days 3, 4, 5 and 10 days postinfection, differential cell
counts were performed on BALF cells to determine (a) total inflammatory cell numbers,
(b) total eosinophil numbers, (c) total lymphocyte numbers, (d) total macrophage numbers
and, (e) total neutrophil numbers. Data are shown as mean (cells/mL) ± SEM. * p<0.05,
** p<0.01, *** p<0.001 versus corresponding sham-sensitised controls.
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Figure 5.5 Papain-specific serum antibodies obtained from mice with concurrent allergy and infection. Groups of 4-5 mice were sensitised, boosted and challenged with papain (+). Control mice were sham-sensitised and -boosted then challenged with papain (-). A day after
the final papain challenge, mice were intranasally infected with 5 × 107 cfu P. pneumotrop-

ica 2280/98. On days 3, 4, 5 and 10 days postinfection, sera was collected and assessed
for papain-specific (a) IgE, (b) IgG1, (c) IgG2c. Data are represented as mean antibody
titre (units/mL) ± SEM. * p<0.05, ** p<0.01, *** p<0.001 versus corresponding shamsensitised controls.
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Figure 5.6 P6-specific serum antibodies obtained from mice with concurrent allergy and infection. Groups of 4-5 mice were sensitised, boosted and challenged with papain (+). Mice
in the control group were sham-sensitised and -boosted and challenged with papain (-). A
day following the final papain challenge, mice were intranasally infected with 5 × 107 cfu
P. pneumotropica 2280/98. On days 3, 4, 5 and 10 days postinfection, sera was collected

and assessed for P6his-specific (a) IgG1, and (b) IgG2c. Data are represented as mean antibody titre (units/mL) ± SEM. ** p<0.01 versus corresponding sham-sensitised controls.
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In the BALF, anti-P6his IgA titres were low and no difference was noted between the
treatment groups (Figure 5.7a). For anti-P6his IgG1 however, the titres were significantly
enhanced by up to nearly 40-fold over day 3 to 5 and peaked at day 4, although titres were
low compared to serum (Figure 5.7b). No differences were noted for anti-P6his IgG2c
titres (Figure 5.7c).
5.2.2.5 Effect on cytokine induction in the BALF
IL-4, IL-5, IL-13, IL-10, IFN-γ, IL-17and IL-21 levels were measured in the BALF. For
IL-4, there were no differences noted between the treatment groups (Figure 5.8a). For
IL-5, the only difference was observed on day 4 where there was a slight but significant
increase in the papain-sensitised group compared to controls (Figure 5.8b). IL-13 levels
on day 3 were significantly enhanced in the allergic mice (p<0.05) and this trend was also
apparent on day 4 and 5 (Figure 5.8c). Significant differences in IL-10 levels were found
on day 3 and 4 with levels in the papain-sensitised group decreased by approximately
9- and 13-fold respectively, compared to nonsensitised controls (Figure 5.8d). By day
5 however, the IL-10 levels were similar between the treatment groups. No differences
were noted for IFN-γ between the groups (Figure 5.8e). A difference in IL-17 level was
found on day 3 with a 3-fold decrease noted in the sensitised group compared to the
nonsensitised control (Figure 5.8f). For IL-21, there was a trend of increased levels in
papain-sensitised mice over day 3 to 5 (Figure 5.8g).

5.2.3 Respiratory allergic inflammation and nasopharyngeal colonisation model
The next experiments examined the effect of an allergic reaction on a preexisting bacterial colonisation. Mice were sensitised and boosted with activated papain then infected
intranasally with P. pneumotropica. Mice in the control group were sham-sensitised and
-boosted then inoculated with bacteria (Chapter 2.2.10.3). Mice were allowed to recover
from the infection and were then challenged with papain 7 days postinfection. This recovery period allowed mice to completely clear bacteria from the lungs but still remain
colonised with P. pneumotropica in the nasopharynx. Bacterial recovery, BALF cellular
infiltrate and antigen-specific antibody titre were determined on day 1 and day 8 following
the last papain challenge dose.
5.2.3.1 Optimisation of the model
Preliminary experiments determined that an inoculum of approximately 1 × 107 cfu of
P. pneumotropica was completely cleared from the lungs of mice by 7 days postinfection
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Figure 5.7 P6-specific BALF antibodies obtained from mice with concurrent allergy and infection. Groups of 4-5 mice were sensitised, boosted and challenged with papain. Mice in the
control group were sham-sensitised and -boosted then challenged with papain. A day after
the final papain challenge, mice were intranasally infected with 5 × 107 cfu P. pneumotrop-

ica 2280/98. On days 3, 4, 5 and 10 days postinfection, BALF was collected and assessed

for P6his-specific (a) IgA (b) IgG1, and (c) IgG2c. Data are represented as mean antibody titre (units/mL) ± SEM. * p<0.05, ** p<0.01 versus corresponding sham-sensitised
controls.
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Figure 5.8 BALF cytokines induced in mice with concurrent respiratory allergy and infection.
Groups of 4-5 mice were sensitised, boosted and challenged with papain. Controls were
sham-sensitised and -boosted then challenged with papain. A day following the final papain
challenge, mice were intranasally infected with 5 × 107 cfu P. pneumotropica 2280/98. On

days 3, 4, 5 and 10 days postinfection, BALF was collected and assessed for (a) IL-4, (b)
IL-5, (c) IL-13, (d) IL-10, (e) IFN-γ, (f) IL-17, and (g) IL-21. Data are shown as mean
(ng/mL) ± SEM. * p<0.05, ** p<0.01 versus corresponding sham-sensitised controls.
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although bacteria were still recoverable from the nasal washes at this time. Hence, this
inoculum was chosen in the respiratory allergy and bacterial colonisation model.
5.2.3.2 Effect on bacterial recovery
Following papain challenge, the papain-sensitised mice, but not nonsensitised mice, had
bacteria recovered from the lungs on day 1 (Figure 5.9a). By day 8, all bacteria had
been cleared from the lungs of the papain-sensitised mice. There were no differences
observed in the bacterial load of the nasal washes between sensitised and nonsensitised
mice (Figure 5.9b).
5.2.3.3 Effect on inflammatory cell infiltrate in the BALF
There were no differences in the BALF total cell number between the sensitised and shamsensitised controls at either day 1 or day 8 post-papain challenge (Figure 5.10a). Significantly increased total eosinophil numbers were observed in the sensitised group on both
day 1 (p<0.01) and 8 postchallenge (p<0.01; Figure 5.10b). Additionally, eosinophil numbers in the allergic group were over 2-fold greater on day 8 compared to day 1 (p<0.05).
For lymphocytes, the total numbers of these cells were not significantly different between
the two treatment groups on either day, but the total lymphocyte number was almost 6fold greater (p<0.05) at day 8 than at day 1 (Figure 5.10c). There were no differences in
the total number of macrophages on either day 1 or day 8 (Figure 5.10d). Total neutrophil
numbers were not different between the treatment groups but it should be noted that the
number of neutrophils were higher than for papain sensitisation without infection (Figure
5.1). The neutrophil numbers were significantly reduced by day 8 compared to day 1
(Figure 5.10e).
5.2.3.4 Effect on papain-specific antibodies
The titres of papain-specific IgE, IgG1 and IgG2c were all, as expected, pronounced in the
papain-sensitised mice compared to the sham-sensitised group (Figure 5.11a-c). Papainspecific IgE titres were between 3- and 4-fold higher in the papain-sensitised group (Figure 5.11a). IgG1 titres at pre-infection and day 1 were 150- and 200-fold greater, respectively, in the papain-sensitised group than in controls (Figure 5.11b). By day 8, the levels
of anti-papain IgG1 in the papain-sensitised group was approximately 2-fold greater than
the controls. Increased anti-papain IgG2c titres were observed in the papain-sensitised
group and were between approximately 6- and 8-fold greater than controls (Figure 5.11c).
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Figure 5.9 Bacterial recovery following respiratory allergic inflammation in P. pneumotropicacolonised mice. Groups of 4-5 mice were sensitised and boosted with papain (+). Shamsensitised and -boosted mice were used as controls (-). Mice were infected with ~107 cfu
P. pneumotropica 2280/98 and 7 days later were challenged with papain to induce allergic
inflammation. Bacteria from the (a) lungs, and (b) nasal washes were enumerated on days
1 and 8 post-papain-challenge. Results are represented as mean bacterial recovery (Log10
cfu) ± SEM. *** p<0.001 versus corresponding sham-sensitised control.
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Figure 5.10 Inflammatory cell infiltrate in BALF induced following respiratory allergic inflammation P. pneumotropica-colonised mice. Groups of 4-5 mice were sensitised and boosted
with papain (+). Controls were sham-sensitised and boosted (-). Mice were infected with
~107 cfu P. pneumotropica 2280/98 and 7 days later were challenged with papain to induce
allergic inflammation. At day 1 and day 8 post-papain-challenge differential cell counts
were performed on BALF cells to determine (a) total inflammatory cell numbers, (b) total
eosinophil numbers, (c) total lymphocyte numbers, (d) total macrophage numbers and, (e)
total neutrophil numbers. Data are shown as mean (cells/mL) ± SEM. ** p<0.01 versus

sham-sensitised controls.
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Figure 5.11 Papain-specific antibody from serum following respiratory allergic inflammation in
P. pneumotropica-colonised mice. Groups of 4-5 mice were sensitised and boosted with
papain. Controls were sham-sensitised and boosted. Mice were infected with ~107 cfu
P. pneumotropica 2280/98 and 7 days later were challenged with papain to induce allergic
inflammation. At day 1 and day 8 following papain challenge, sera was collected and
analysed for papain-specific (a) IgE, (b) IgG1, and (c) IgG2c. Results are shown as mean
antibody titre (units/mL) ± SEM. * p<0.05, ** p<0.01, *** p<0.001 versus sham-sensitised
controls.
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5.2.3.5 Effect on P6-specific antibodies
The anti-P6his IgG1 titre in the serum was unchanged between the two treatment groups
at day 1 postchallenge. By day 8, however, the levels from papain-sensitised mice were
enhanced by 2-fold (p<0.05) compared to the sham-sensitised mice (Figure 5.12a). No
differences were observed for IgG2c P6-specific titres in the serum (Figure 5.12b).
BALF levels of P6his-specific IgA was not significantly different between the treatment
groups (Figure 5.13a). IgG1 titres in the BALF, however, were significantly increased in
the papain-sensitised mice on both day 1 and 8 by approximately 5-fold (p<0.001) and 8fold (p<0.001) respectively, when compared to the nonsensitised controls (Figure 5.13b).
Negligible titres of P6his-specific IgG2c were observed (Figure 5.13c).
5.3.3.6 Effect on cytokine induction in the BALF
No cytokine differences were observed between the treatment groups for either day 1 or
day 8 postinfection.

5.3 Discussion
5.3.1 Papain-induced respiratory allergy model
The papain allergy model allows allergic sensitisation and the induction of allergic inflammation without the need for adjuvant, which is in contrast to the most common respiratory allergy model involving systemic OVA/alum sensitisation and local OVA challenge
(Boyce and Austen, 2005). Unlike the conventional OVA model, the papain allergen is
administered via the intranasal route without adjuvant.
The papain model thus has an advantage over the OVA model in that a clinically relevant
respiratory allergen and a natural sensitisation route is used. The model used in this
study required sensitisation and boosting doses of 10 µg of activated papain and challenge
doses of 60 µg of activated papain. A biologically active papain was previously found to
be more effective at sensitising mice and this corresponds to the proteolytic activity of
the major human aeroallergens such as Der p 1 (Chambers et al., 1998). The enhanced
sensitising ability of activated papain in the intranasal model has also been demonstrated
in unpublished studies of colleagues (Cunningham et al., unpublished).
Papain sensitisation, boost and challenge resulted in enhanced papain-specific IgE,
eosinophil influx to the lungs and greater lung inflammation, all hallmarks of allergic
asthma. These results were comparable to previous studies which used different sensitisation and challenge doses (McGlade et al., 2007).
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Figure 5.12 P6-specific antibody from serum following respiratory allergic inflammation in P.
pneumotropica-colonised mice. Groups of 4-5 mice were sensitised and boosted with
papain. Controls were sham-sensitised and -boosted. Mice were infected with ~107 cfu
P. pneumotropica 2280/98 and 7 days later were challenged with papain to induce allergic
inflammation. At day 1 and day 8 following papain challenge, sera was collected and analysed for P6his-specific (a) IgG1, and (b) IgG2c. Results are represented as mean antibody
titre (units/mL) ± SEM. ** p<0.01 versus sham-sensitised controls.
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Figure 5.13 P6-specific antibody from BALF following respiratory allergic inflammation in
P. pneumotropica-colonised mice. Groups of 4-5 mice were sensitised and boosted with
papain (+). Controls were sham-sensitised and -boosted (-). Following sensitisation and
boost, mice were infected with ~107 cfu P. pneumotropica 2280/98. 7 days later mice were
challenged with papain to induce allergic inflammation. At day 1 and day 8 following papain challenge, BALF was collected and analysed for P6his-specific (a) IgA, (b) IgG1, and
(c) IgG2c titres. Results are represented as mean antibody titre (units/mL) ± SEM. ***
p<0.001 versus sham-sensitised controls.
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5.3.2 Interaction of respiratory allergy and infection
The interaction of allergy and infection were studied via two approaches. Firstly, the
interaction of a concurrent allergic reaction and infection was studied. Secondly, the
effect of allergic inflammation on a nasopharyngeal colonisation was determined.
Surprisingly, the bacterial infection was cleared more rapidly in mice with concurrent allergic inflammation and infection, compared to the mice without allergy, and this was a
large effect of ~500 000-fold. This finding is in contrast to other allergy and infection
studies such as Beisswenger and others (2006) who showed, in a combined P. aeruginosa lung infection and OVA allergy model, that allergic mice exhibited delayed bacterial
clearance with increased numbers of bacteria recovered from the lungs, which was attributed to an inhibition of antibacterial defense mechanisms of epithelial cells. In a combined bacterial sinusitis and allergic rhinitis model, Blair and colleagues (2001) showed
that OVA-induced nasal allergy worsened a sinus infection induced by S. pneumoniae,
with greater numbers of bacteria recovered from from the sinus cavity of allergic mice
compared to nonallergic mice. In both these studies, increased allergic inflammation in
infected allergic mice was thought to be involved in the worsening of infection.
Interestingly, although the respiratory infection was not worsened by the ongoing allergy,
the eosinophil influx as a consequence of the allergic reaction was sustained over a greater
period of time (Figure 5.4b) than that seen in uninfected mice (Figure 5.2b) suggesting
that the concurrent allergy and infection prolonged the eosinophillic inflammation. It is
possible that the eosinophil infiltrate could have contributed to the enhanced bacterial
clearance. Other investigators have shown that eosinophils may be involved in infection
clearance, particularly in viral infections. For example, eosinophils were shown to restrict viral infectivity in RSV infection in humans (Phipps et al, 2007) and are known
to be involved in immune responses to helminths (Jacobsen et al., 2007). However,
whether eosinophils are involved in bacterial clearance is not clear although a study of
NTHi recognition by eosinophils by Ahren et al. (2003) suggested that NTHi infection
can induce eosinophil-mediated inflammation. It was also observed that allergic mice
displayed overall decreased total cell numbers and did not mount the late and large neutrophil and macrophage responses to bacteria found in nonallergic controls. The reduced
neutrophil and macrophage response to infection in the sensitised mice seems incongruous with increased bacterial clearance. The responses, however, are late and the lack of
response of the sensitised mice may be due to the greatly decreased infection. In addition, the decreased numbers of macrophages observed in the allergic mice may have
reduced the production of chemokines required for neutrophil recruitment thus resulting
in reduced neutrophil numbers.
The concurrent allergy and infection modulated the IL-5, IL-10, IL-13 and IL-17 responses in the BALF. The slight increase in IL-5 levels in sensitised mice may contribute
to the sustained eosinophil influx observed in infected, sensitised mice as IL-5 is involved
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in eosinophil activation (Walker et al., 1991; Wierenga et al., 1993). However, the difference in IL-5 in sensitised and nonsensitised mice in the present study was low compared
to another study on papain-induced allergy in uninfected mice (McGlade et al., 2007).
Nonallergic mice produced a very high and early IL-10 response compared to allergic
mice. The decreased IL-10 responses in the infected allergic group is of interest as a previous study of uninfected mice by McGlade et al. (2007) found unchanged levels of IL-10
in papain-sensitised and nonsensitised animals. This decrease may also be involved in
the sustained eosinophilia observed as IL-10 inhibits eosinophils by inducing eosinophil
apoptosis and by downregulating eosinophil-enhancing cytokines such as IL-13 (ZuanyAmorim et al., 1995). Supporting this are the increased IL-13 levels seen in the allergic
mice in the present study. The decreased IL-17 levels in the papain-sensitised mice may
correlate with the decrease in neutrophil number observed in the current study, as IL-17
has a role in neutrophil recruitment.
The finding that infected allergic mice had enhanced allergic responses indicated by increased Th2 cytokines and eosinophilia, compared to nonallergic controls, supports previous infection and allergy studies. For example, the OVA-induced allergy and P. aeruginosa model of Beisswenger and colleagues (2006) indicated that more eosinophillic inflammation and an increase in Th2 cytokines was apparent in the infected allergic mice
compared to nonallergic controls, while Blair et al. (2001) showed that OVA-induced
nasal allergy and S. pneumotropica infection enhanced eosinophil infiltration.
The concurrent infection and allergy model indicated that papain sensitisation modulated
the antibody response to the bacterial infection as bacterial (i.e. P6-specific) antibody
titres were enhanced in this group compared to sham-senistised mice. P6his-specific antibodies was used as a measure of P. pneumotropica-specific responses as preliminary
results showed that mice infected with P. pneumotropica produce P6-specific antibodies.
The induction of P6-specific antibodies in the BALF was found in papain-sensitised mice
and correlate with the enhanced bacterial clearance observed in these mice. Whether these
antibodies are important in bacterial clearance remains to be determined. Papain-specific
antibody responses did not appear to be affected by the concurrent bacterial infection,
although this is not suprising given that the protocol was not designed for this.
A model to study the interaction of respiratory allergy and preexisting bacterial colonisation of the nasopharynx was also developed. Bacteria were recovered from the lungs of
papain-sensitised mice that were asymptomatically colonised but were not recovered from
nonsensitised, colonised mice. A slight increase in the numbers of bacteria recovered
from the nasal washes of papain-sensitised mice was also noted. These results indicate
that the allergic response may modulate the response to colonising bacteria and enhance
the bacterial infection in the lungs and nasopharynx. The presence of bacteria recovered
from the lungs postchallenge was not thought to be due to uncleared pulmonary bacteria following P. pneumotropcia infection as it was previously shown that bacteria were
cleared from the lungs by day 7 postinfection (Chapter 4). Additionally, the bacterial in203
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oculum for this model was reduced 5-fold to 107 cfu to ensure that pulmonary bacteria
were completely cleared before papain challenge. It is possible that the papain-induced
allergic inflammation mediated the translocation of bacteria from the nasopharynx to the
lungs. This appeared to contrast the protective effect of the concurrent allergy and infection results above and supports the positive association between respiratory allergy
and infections such as sinusitis, otitis media (Mucha and Baroody, 2003) and pneumonia
(Juhn et al., 2008).
The nasopharyngeal colonisation appeared to modulate the eosinophil infiltrate in response to allergen challenge as eosinophil responses appeared to be prolonged (Figure
5.10b) compared to uncolonised allergic mice (Figure 5.2b). This was a similar finding to
the concurrent allergy and infection model and provides further evidence that the P. pneumotropica infection enhances the allergic response, although in this case, the enhanced
allergic response may be involved in worsening the infection. In contrast to the concurrent
allergy and infection model, there were no apparent cytokine differences. Additionally,
the interaction of allergy and bacterial colonisation also modulated P. pneumotropicaspecific antibody responses as P6-specific IgG1 titres were enhanced in the BALF and
serum of colonised allergic mice. This may be due to the enhanced infection in these
mice. In contrast, nasopharyngeal colonisation did not affect papain-specific responses.
The results of the current study show that allergy and infection interact via complex mechanisms. The results demonstrate that the timing of the allergic inflammation in relation
to the bacterial infection can greatly affect the results as on one hand, an ongoing allergic reaction could increase the clearance of an acute respiratory infection. On the other
hand, allergic inflammation could exacerbate bacterial colonisation of the nasopharynx
to cause pulmonary infection. Thus, it was shown that the interaction between papaininduced allergic inflammation and P. pneumotropica infection was more complex than
just a deviation towards a Th2 profile with increased bacterial susceptibility.
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Both infectious and allergic diseases of the respiratory tract contribute greatly to global
health disease burden. Bacterial infections of the lower respiratory tract that lead to pneumonia and acute excerbations of chronic bronchitis are among the leading causes of death
by infectious means, especially in children (Canton et al., 2006; Rudan et al., 2008) while
upper respiratory tract infections, such as otitis media and sinusitis, are also responsible
for high morbidity and high economic burden (Ray et al., 1999; Bondy et al., 2000).
Asthma currently affects between 4 % to 11 % of the general population, although this
is varied by country, and causes approximately 180 000 deaths per annum (Masoli et al.,
2004) while a recent study from the United States showed that around one third of respondents in a survey experienced nasal symptoms attributed to allergic rhinitis (Nathan
et al., 2008). Additionally, the direct and indirect costs attributed to asthma is estimated
to be between 1 to 2 % of a given developed nation’s annual healthcare budget (Masoli et
al., 2004).
The development of preventative treatment for these respiratory diseases is thus a priority. While vaccines have been instrumental in reducing morbidity and mortality associated
with many infectious diseases, suitable vaccines are still required for important respiratory
pathogens such as NTHi. An intriguing and confounding aspect of respiratory disease is
the relationship between respiratory infection and respiratory allergy. On one hand, the
reduced early life exposure to microbes and microbial products is believed to encourage
the development of atopic disease (Strachan, 1989). On the other hand, evidence suggests
that respiratory infection can promote the development of allergic disease or can worsen
existing allergic inflammation. Underlying the quest to develop preventative and prophylatic treatments for both respiratory infection and allergy is the need to further understand
the complex immune mechanisms involved in these diseases (Elahi et al., 2007). To this
end, suitable animal models are required.
Knowledge in the area of bacterial respiratory infection, vaccine-mediated protective
mechanisms, and the interaction of bacterial respiratory infection and allergy is limited.
This study aimed to contribute to the current knowledge by using P. pneumotropica, a
pathogen related to NTHi, in its natural host to investigate pulmonary and nasopharyngeal
infection, the protective mechanisms of OMP vaccines, and the interaction of respiratory
infection with allergic inflammation.
In Chapter 3, it was reported that P. pneumotropica encoded homologues of the NTHi
OMPs P4, P6, P26 and D15. Molecular data on this opportunistic animal pathogen is
scarce and this is the first study to isolate such OMP genes from this organism. The OMP
P4, P6, P26 and D15 coding regions were isolated from a number of P. pneumotropica
strains and a close identity was observed between strains, especially for the P6 protein.
The finding that these OMPs are found in P. pneumotropica and exhibit a high level of
identity to other members of the species and the Pasteurellaceae family emphasised previous findings that these OMPs are important vaccine candidates since they are highly
conserved and present in a wide range of bacteria (Foxwell et al., 1998). Unfortunately,
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time constraints limited the ability to obtain complete nucleotide sequence data from all
the strains and future work should obtain complete sequences from all five P. pneumotropica strains for further insight into interstrain differences and characteristics of this species.
Interestingly, P. pneumotropica OMP genes and deduced amino acid sequences exhibited
higher identity to the NTHi reference sequence compared to the P. multocida sequences.
This further promotes the use of P. pneumotropica as an infection model of respiratory
infection and may provide insight into respiratory infection caused by related organisms
such as NTHi. While phylogenetic analysis was not a priority of this study, it is of interest that P. pneumotropica OMPs were more similar to NTHi than to P. multocida. This
finding supports other phylogenetic studies that suggest NTHi and P. pneumotropica are
more closely related to each other than P. multocida (Christensen et al., 2004; Korczak
et al., 2004; Gautier et al., 2005) and further supports calls that reorganisation of the
Pasteurellaceae family is necessary (Dewhirst et al., 1992).
The efficacy of P4, P6, P26 and D15 OMPs for vaccination was examined in Chapter
4 and it was found that intranasal P6his with CpG ODN adjuvant afforded the greatest
protection of the individual antigens against P. pneumotropica. Bacterial load following
P6his immunisation was reduced in the lungs by approximately 50-fold on the second
day postinfection and the clearance of bacteria from the lungs was also greatly enhanced
over the course of the infection compared to sham-immunised mice. Intranasal administration of P4his and P6GST also induced protection, albeit to a lesser extent. The greater
immunogenicity of P4 in BALB/c mice compared to C57BL/6J suggest that it could be
more protective in this strain. These results further extend previous NTHi studies that
demonstrated the efficacy of mucosally administered recombinant P6 and P4 proteins and
is the first study to validate the efficacy of these antigens in a natural host infection model.
These results also suggest that intranasal or mucosal vaccination together with CpG ODN
adjuvants, may be a reference point for future human vaccination studies.
Interestingly, it was found that the bacterial reduction induced by P6his or P4his immunisation was confined to the lungs and not the nasal wash, indicating that vaccination did
not affect bacterial colonisation of the nasopharynx. Although surprising, this finding has
important implications in vaccine development as it indicates that vaccines containing
these antigens do not necessarily need to prevent the initial colonising event to be successful. This may be particularly useful against pathogenic bacteria that are not obligate
pathogens, such as NTHi and S. pneumoniae. These organisms are considered a normal
constituent of in the nasopharyngeal flora (Kuklinska and Kilian, 1984) but can also invade tissues to cause disease in susceptible individuals. Hence, a vaccine that reduces
severity of disease but does not affect colonisation may be beneficial, especially as the
long term implications of eliminating such organisms from the nasopharynx, i.e. sterile
immunity, are unknown (Cripps et al., 2002). Indeed, recent pneumococcal studies have
shown that altering the nasopharyngeal flora by vaccination has important implications on
disease. In several studies it was found that although immunisation with multivalent pneu208
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mococcal polysaccharide vaccines reduce colonisation and disease caused by the vaccine
strains, this decrease corresponded with an increase in the incidence of disease caused by
nonvaccine pneumococci and other pathogens such as NTHi (Casey and Pichichero, 2004;
Gonzalex et al., 2006; Kellner et al., 2008). The results shown in the current study thus
provide evidence that strain replacement may not be as serious a consequence following
vaccination with P6 or P4.
Importantly, the data presented in Chapter 4 showed that a combined vaccine consisting
of P6his and P4his did not enhance the protection seen by the administration of P6his
alone and suggests a possible interference between the two antigens. This finding is
in keeping with previous studies by Green et al. (1993) and Hotomi et al. (2005) and,
importantly, reiterates the necessity of detailed analysis of vaccine antigens in order to
avoid any deleterious outcomes. Indeed, for A. pleuropneumoniae, the causative agent of
porcine atrophic rhinitis and a member of the Pasteurellaceae family, it was shown that
the inclusion of PalA (a P6 homologue) in a component vaccine had a counteractive effect
on vaccine-mediated protection which was indicated by worsening respiratory symptoms
and increased mortality of infected pigs (van den Bosch et al., 2003). Similarly, the protective effect of P. multocida OMPs in a mouse model of infection was ameliorated by
the addition of OmpA (Dabo et al., 2008) while the 27 kDa M. tuberculosis lipoprotein
increased the bacterial number in vaccinated mice and abolished protection mediated by
other antigens when included in a vaccine (Hovav et al., 2003). While such deleterious
effects were not observed in the present study, the present findings have important implications in vaccine development and emphasise the need for molecular and functional
characterisation of vaccine candidates. Future work should determine whether the interference between the P6 and P4 antigens can be overcome and whether this interference
extends to other protective antigens.
The finding that serum or BALF antibodies, induced by either intraperitoneal or intranasal
OMP immunisation, did not necessarily correspond to bacterial reduction, and that Tcell–mediated mechanisms were involved in P6his protection, highlights the importance
of determining meaningful correlates of protection. Correlates of protection are necessary to determine successful vaccination and for vaccine licensure (Plotkin, 2001). The
results of Chapter 4 and of others (reviewed in Plotkin, 2008) emphasise that an understanding of the immune mechanisms underlying effective vaccination is a crucial first step
in determining useful correlates.
Chapter 4 outlined work investigating the mechansims of P6his-mediated protection and
it was demonstrated that a number of cytokines were induced by P6his vaccination. Of
particular interest is the induction of IL-17 and IL-21. These cytokines are implicated
in Th17 responses and their induction provides the first evidence that Th17 cells may
be induced by P6. The recently described Th17 lineage are implicated in autoimmunity
and allergic inflammation as well as immunity against extracellular bacteria (Aujla et al.,
2007; Bettelli et al., 2007). The role of Th17 cells in protection of the respiratory surfaces
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have recently been established with Ye et al. (2001) showing that overexpressing IL-17
in mouse lungs augmented early survival against K. pneumoniae infection. Similarly,
in murine model of Bordatella bronchiseptica infection, Th17 responses were induced
when lung tissues from infected mice were restimulated (Siciliano et al., 2006). Protective Th17 responses can also be induced by vaccination, with one S. pneumoniae study
indicating that the protection mediated by pneumococcal surface proteins was due to IL17-producing CD4+ T cells (Basset et al., 2007). Priebe and colleagues (2008) found that
vaccine-mediated protection against P. aeruginosa pneumonia in mice could be abrogated
by depleting IL-17 or the IL-17 receptor, while Higgins and others (2006) showed that the
cellular responses induced by whole cell pertussis vaccination involved IL-17. The results
of the present study also support previous observations that OMP antigens could induce
IL-17 responses. For example, a study by Infante-Duarte and colleages (2000) documented that synthetic microbial lipopeptides derived from the Borrelia burgdoferi outer
membrane could induce IL-17 production in both human and murine Th cells. Similarly,
Oda et al. (2003) found that Porphyromonas gingivalis OMP stimulated IL-17 expression
in T cells. Future research should be directed to confirm the role of IL-17 and IL-21 cytokines in protection which could be determined by immunising mice depleted of either
cytokine. Importantly, further study should also assess the source of these cytokines as
other cell types, such as γδ T cells and NKT cells, make up a large proportion of IL-17
producing cells (Ley et al., 2006; Roark et al., 2008) and these may be induced by P6his
vaccination. The role of dendritic cells may also be of importance as previous studies
have shown that bacterial stimuli induce dendritic cell influx into the respiratory mucosa
(McWilliam et al., 1994) and furthermore, that the stimulation of TLRs on dendritic cells
may induce IL-17 production by T cells in mice (Roses et al., 2008).
It was demonstrated that P. pneumotropica infection could be simply induced in mice by
intranasal inoculation of bacteria. This model thus has the potential to provide insight
into mechanisms of immunity, similarly to other natural host infection models such as
LCMV (Khanolkar et al., 2002), C. rodentium (Borenshtein et al., 2008) and pneumonia
virus of mice (Rosenberg and Domachowske, 2008). The use of P. pneumotropica as an
infection model is gradually expanding and has allowed the study of in innate immunity
for models of space flight (Chapes et al., 2005), periodontal bone loss (Kawai et al.,
2007), and co-infection with SARS coronavirus (Ami et al., 2008). This is the first study
to use this pathogen in vaccine and allergy studies and extends the previous studies on
P. pneumotropica immunity. The OMP sequences ascertained in this thesis will be useful
as defined antigens for future studies
Limitations of the P. pneumotropica infection model includes the high inocula required to
develop disease and the fact that it is uncertain whether the pulmonary infection occurred
subsequent to nasopharyngeal colonisation or whether the bacteria were directly inhaled
into the lung. In those respects, the model fails to mimic the pathogenesis of human
disease. Nevertheless, the model allows the study of pulmonary bacterial infection and
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provides insight into mechanisms underlying pneumonia which is a major global health
issue (Rudan et al., 2008). Furthermore, the model was proven to be a useful tool for
vaccine studies.
The studies outlined in Chapter 5 explored the interaction of respiratory infection and
allergy. Interestingly, it was found that the presence of a concurrent allergic reaction
reduced the severity of respiratory infection which was indicated by a decrease in the
number of bacteria in the lungs. This was despite enhanced eosinophilia, a hallmark of
allergic inflammation. This is the first study to provide evidence of a protective effect
of experimental respiratory allergy on infection. Interestingly, a protective role for allergy against enteric infections has been previously suggested by epidemiological studies
where atopy was associated with a lower prevalence of H. pylori (Chen and Blaser, 2008),
T. gondii or Hepatitis A infection (Matricardi et al., 2000). There is also evidence suggesting an inverse relationship between allergic disease and infection by certain respiratory
pathogens such as C. pneumoniae (Schmidt et al., 2005) and M. tuberculosis (Obihara
et al., 2005), although whether the inverse relationship seen with the respiratory bacteria
is due to the protective effect of infection on allergy development or vice versa is not
clear. Thus, whether a protective role for respiratory allergy occurs in humans is yet to
be determined. However, the results of this study expose some intriguing interactions not
heretofore explored.
The interaction of colonising bacteria and allergy is an important area of study as recent
evidence suggests that allergic sensitisation can alter the responses to bacterial antigens
such as P6. Hales et al. (2008) demonstrated that IgG1 antibodies to the H. influenzae P6
was reduced in children sensitised to house dust mite allergen Der p 1 compared to nonallergics. Furthermore, it was shown that asthma convalescence in children was associated
with increased IgE antibodies to the P6 antigen (Hales et al., in press). Other investigations have demostrated a relationship between colonising bacteria and allergy by showing
that asthmatics have increased rates of pneumococcal colonisation (Cardozo et al., 2008)
and are at increased risk of severe pneumococcal infection such as pneumonia (Talbot et
al., 2005; Juhn et al., 2008). It has also been shown that allergic rhinitis patients have a
higher frequency of S. aureus nasopharyngeal colonisation compared to normal subjects
and that the bacteria promoted IgE responses (Riechelmann et al., 2005). Additionally,
other evidence suggests that colonising bacteria or bacterial exposure can modulate the
subsequent risk of allergic disease with Bisgaard and colleagues (2007) finding that early
life bacterial colonisation was a risk factor for later allergic disease while, conversely,
Blumer et al. (2005) showed that LPS exposure prior to allergen exposure prevented
sensitisation and airway inflammation. The experiments in Chapter 5 also examined the
effect of allergic inflammation on colonising nasopharyngeal bacteria and it was observed
that the papain-induced allergic inflammation reestablished a low-level lung infection in
colonised mice. These results appear to contradict the protective effects of the concurrent allergy and infection experiments but are in keeping with studies showing that the
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interaction of allergy and respiratory infection can worsen symptoms. Indeed, respiratory
allergy and experimental NTHi (Ebmeyer et al., 2005), S. pneumoniae (Blair et al., 2001)
or P. aeruginosa (Beisswenger et al., 2006) infection increased the numbers of bacteria
recovered from allergic mice. The current study thus provides a useful model in which
to further examine such interactions and futher expansion of the current study should devise protocols to better investigate whether the inoculation of mice with P. pneumotropica
either prior to, or during, papain sensitisation modulates the allergic responses following
papain challenge by protecting or promoting allergy.
Cellular infiltrate and antibody responses were examined in the allergy and infection studies and it was found that both eosinophilia and BALF anti-P6his antibodies were induced
in the interaction of concurrent allergy and infection and in the interaction of allergy and
colonising bacteria. This was despite the apparent differences in the effect of the interactions as demonstrated by the bacterial recovery data. The eosinophil data support previous
studies showing that the interaction of allergy and infection worsens the allergic inflammation (Blair et al., 2001; Beisswenger et al., 2006) while the induction of P6 antibodies
supports previous evidence that allergen sensitisation can modulate antibody responses
to bacteria (Hales et al., 2008). The interaction of allergy and infection also modulated
neutrophils and macrophages by diminishing their responses. Whether the cellular and
antibody responses are involved in the protection or reestablishment of infection seen in
the present study are not known and future studies should investigate their role. A further
avenue of study would be to determine the mechanisms by which the concurrent papaininduced allergy protects against P. pneumotropica infection and whether this could be
exploited for prophylactic treatment of infection. It should also be determined whether
IgE responses towards the P6his antigen are altered in papain-sensitised mice, a finding
which was observed in house dust mite-sensitised asthmatic children towards the NTHi
P6 (Hales et al., in press).
The modulation of immune reponses by the interaction of papain-induced allergy and
P. pneumotropica infection also has important implications on the potential interaction of
allergy and microbial products that are introduced via vaccination. Indeed, previous studies have suggested that atopy can alter the immune response to the vaccine antigens (Gentile et al., 2006). Conversely, there is also evidence that vaccine antigens can modulate
the responses to common allergens (Grüber et al., 2006). These interactions are important
considerations in vaccine design and future studies could further investigate the mechanisms underscoring this relationship by determining whether sensitising P6his-immunised
mice with papain affects the efficacy of vaccination and P6his-induced responses. The effect of vaccination on allergic sensitisation should also be examined. Hales et al. (2008)
showed that children destined to become allergic have low antibody titres to the NTHi P6
so it is of interest to determine if anti-P6 vaccination would affect allergy and additionally,
if allergen immunotherapy affects anti-P6 immunity.
In conclusion, the work presented in this thesis demonstrates that a P. pneumotropica
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infection model is a useful tool in determining vaccine-mediated protection and the functional characterisation of vaccine antigens, as well as examining the interaction of allergy
and infection. Using this model it was demonstrated that vaccination with P6 and P4
OMPs protected mice against P. pneumotropica lung infection which validates the inclusion of these antigens as NTHi vaccine candidates. Additionally, the interaction of allergy
and infection was shown to modulate immune responses which reiterates the complexities
underlying the relationship between allergy and infection. Although respiratory disease is
such an important area of research owing to the great morbidity and mortality associated
with it, successful vaccines for many pathogens are still not a reality and the interaction of
bacterial infection and allergy are poorly understood. The development of useful animal
models that enable more complete understanding of the complex immune mechanisms
involved will aid in the development of preventative and prophylactic treatments for infectious and allergic respiratory diseases.
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