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Abstract

The developm ent o f  w hole cell vaccine (Pw ) and acellu lar pertussis vaccines (Pa) has had 
a huge im pact on the incidence o f  w hooping cough w orldw ide. T he traditional Pw  had high 
p rotective efficacy, but w ere associated with a num ber o f adverse reactions, ranging from  m ild 
ery them ea to seizures, resulting in a reduction in vaccine acceptance. T herefore new  generation  Pa 
w ere developed, w hich have slightly  low er protective efficacies but are associated  w ith few er side 
effects. Innate im m une m echanism s play an essential role in the control o f B. p ertu ssis  early  in 
infection. H ow ever, com plete  elim ination o f  the pathogen and prevention from  re-in fection  is 
dependent on the activation  o f  the adaptive im m une response. D espite num erous studies on the 
im m une response induced by infection and vaccination, the m echanism  o f  im m unity  against B. 
pertussis  are still not fully understood.

T he aim  o f  this study was to  exam ine the m echanism s o f  cellu lar and hum oral im m unity 
to  B. pertussis  infection in a m urine m odel. It was found that cells infiltrating  into the lungs after 
infection with B. pertussis, in particular m acrophages and natural k iller (N K ) cells, p lay  a crucial 
role, not only in innate im m unity  to B. pertussis  but also in the regulation o f  the adaptive im m une 
response. N K  cells w ere show n to be im portant inducers o f IFN-y early  in infection  w ith B. 
pertussis. D epletion of N K  cells from m ice resulted in a m ore p ro tracted  infection and 
d issem ination  of the bacteria to the liver and blood, suggesting that N K  cell derived IFN -y controls 
the early  stages o f  infection o f  B. pertussis  and plays a role in confin ing bacteria to the lungs. 
D epletion  o f  N K  cells also affected the developm ent o f  the adaptive im m une response. 
Im m unocom petent m ice developed  T h l and IgG 2a antibody responses about 3 w eeks after 
infection  with B. pertussis, how ever, this response was reduced and IL-5 and Ig G l production  
enhanced in N K -depleted  m ice, suggesting that NK cells may prom ote the induction  o f  T h l cells.

M acrophages w ere also found to have a critical role in protection  against B. pertussis  
infection. The anti-bacterial function o f  m acrophages was greatly  enhanced  by IFN -y possib ly  
p roduced by N K  cells in the early  stages o f infection w ith B. pertussis  and this enhanced 
bactericidal activity  appears to be partly  dependent on nitric oxide production. M acrophage 
depletion  studies revealed a role for m acrophages in confining the bacteria to the lung during B. 
pertussis  infection. In the absence o f either m acrophages or IFN-y to activate the m acrophages, 
bacteria  dissem inate to the liver and blood. D epletion o f m acrophages in m ice im m unized w ith 
pertussis vaccines resulted in a reduction in the antigen specific T  cell responses after infection 
and w as associated w ith a delay in B. pertussis  clearing from  the lungs, indicating  a role for 
m acrophages in the regulation o f adaptive im m unity.

U sing a m urine respiratory challenge model it was dem onstrated  that im m unization , like 
natural infection, induces T h l cells w hich is enhanced after infection w ith B. pertussis  and confers 
a high level o f protection. In contrast. Pa induced a T h2-type response, w hich was suppressed after 
infection. Infection o f  m ice im m unized w ith Pa results in poorer bacterial c learance indicating  that 
superior protection is associated w ith the induction o f  a T h l response. In addition  the suppression 
in the Pa-induced response is dependent on FH A, through the induction o f  regulatory  T  cells. 
A lthough infection o f  im m une cells had inhibitory effects on the T  cell response induced  by Pa, 
the antibody response, in particular IgA was enhanced after infection. Parenterally  delivered  
pertussis vaccines do not induce local production o f  IgA  in the lung, how ever an anam nestic IgA  
response was detected  shortly  after B. pertussis  infection o f  im m unized m ice, suggesting  a ro le for 
IgA  in the clearance o f  B. p ertu ssis  from  the lung.

D espite the success in pertussis vaccination, acceptance rates are still low er than that o f 
o ther vaccines, such as po lio  and tetanus, and m ore w idespread use o f Pa is curtailed  by their high 
cost. The use o f bacterial vectors, such as BCG as carriers o f pertussis antigens p rovide a low cost 
a lternative and has the potential to provide protection w ith a single dose. H ow ever, the p resent 
study dem onstrated  that B C G  expressing a single I protective antigen, pertussis toxin  (PT) induced 
T  cells, but poor antibody responses and was not protective in a m urine respiratory  challenge 
m odel. Future developm ents in pertussis vaccines are dependent on the identification  o f safe and 
effective pertussis vaccines that stim ulate cellular and hum oral im m unity and that can be readily  
p roduced  at low  cost in developing countries.



Cfiapter 1 

QeneraC Introduction.



1.1 Immune System

The immune system can be classified into innate and adaptive immunity. 

Innate immune responses act as the first line of defence against pathogens, while 

the acquired or adaptive immune system, comprising cellular and humoral 

responses, usually develops after the encounter with a pathogen, either infection 

or through immunization, and assists in the elimination and disabling of the 

pathogen from its host. Acquired immunity is associated with the development of 

memory cells, which upon reactivation have the capacity to mount a rapid 

immune response. The development of a potent memory response is considered 

the basis of successful vaccination. An effective adaptive immune response 

depends on antigen presentation, interactions with cells of the innate immune 

system and clonal expansion of lymphocytes. Because these processes require 

days to weeks, effective innate immune defences are required to protect the host 

during this time.

1.1.2 Innate Immunity

The cells of the innate immune system provide a first line of defence 

against many organisms and are essential to the control of bacterial infection and 

play a crucial role in the initiation and direction of the adaptive immune response 

by providing the ‘danger signal’. Innate immunity was formerly thought to be 

non-specific, but it has become clear that the innate immune system can 

recognize pathogens from self. Innate defences against pathogens consist of both 

innate barriers such as skin, epithelium, mucous and innate cells including 

macrophages, dendritic cells, neutrophils and natural killer (NK) cells. Gamma -  

delta (y/5) T cells have also been implicated in innate immunity (Spada et al., 

2000).

If a pathogen evades the innate barriers, innate cells and effector 

molecules derived from the cells aid in the elimination of the pathogen. Innate 

cellular responses are mediated mainly by phagocytic cells such as macrophages, 

and polymorphonuclear neutrophils (PMN). These cells phagocytose and kill 

pathogens but are also involved in the regulation of the adaptive immune
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response by secreting a variety of inflammatory mediators and cytokines. Murine 

macrophages have been shown to release a range of cytokines and chemokines 

including IL-12, IL-15, IL-10 IL-6 and T N F-a (Cao et al., 2002; M orita et al., 

2002) and human PMN can produce TN F-a, IL-1(3, TGF-P, IL-8, M IP - la  and 

M IP-lp  (Cassatella, 1995; Cassatella et al., 1995). The most important killing 

mechanisms associated with phagocytes include activation of respiratory burst 

and the production of reactive oxygen or nitrogen intermediates, produced 

through the activity of inducible nitric oxygen synthase (iNOS).

1.1.2.1 NK Cells

NK cells are multi functional, non-T lymphocytes and are best known for 

their cytotoxic activity (Lanier et al., 1986). Human NK cells make up 

approximately 15% of all lymphocytes and are defined phenotypically by their 

expression of CD56 and lack of expression of CD3 (Cooper et al., 2001). 

Because of their rapid action, NK cells are critical in forming the first line of 

defence against certain bacterial, parasitic and viral pathogens (Trinchieri, 1989) 

as well as playing a major effector and regulatory role in anti-viral defence 

(Biron et al., 1999). Furthermore, NK cells have been shown to play an important 

role in suppressing tumor metastasis and outgrowth (Kim et al., 2000). The 

function of NK cells, like phagocytic cells is enhanced by cytokines, in particular 

type-1 IFNs. In the innate response to infection by certain microorganisms, IFN-y 

is produced at the site of infection and the kinetics of IFN-y production correlate 

with NK cell activity (Reiter, 1993). In addition, the production of IFN-y by NK 

cells is critical for the activation of macrophages and resistance to intracellular 

bacterial infections (Tay et al., 1998). Other cytokines have been shown to 

modulate NK cell differentiation and development, including IL-2, IL-12, IL-15 

and IL-18. Early in infection, IL-12 is produced by macrophages. IL-12 has been 

shown to act as a growth factor for NK cells and enhance their cytotoxicity 

(Trinchieri, 1995). Although IL-12 stimulates NK cells to produce cytokines that 

have been shown to participate in NK function such as IFN-y, GM-CSF and 

TN F-a, the effect on enhancement of NK activity can be independent from 

cytokine secretion because neutralizing antibodies to IFN-y or T N F-a are unable
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to inhibit IL-12 induced NK lytic activity (Chehimi et al., 1993). Nonetheless, 

mice deficient in IL-12 or its transcriptional mediator STAT4, show reduced NK 

activity despite normal NK cell numbers (Kaplan et al., 1996). Reduced NK 

activity is also observed in IL-18 deficient mice (Hoshino et al., 1999). IL-15 

plays a pivotal role in the development, survival and activation of NK cells. Mice 

lacking receptors for IL-15 or Jak3 and STAT5, which participate in signal 

transduction mediated by IL-15, are deficient in NK cell development (Lee et al., 

2000).

NK cells are generally thought to play a major role in host defense 

because of their ability to recognise and destroy cells that have lost or express 

insufficient amounts of MHC class I molecules (M oretta et al., 1996). A number 

of inhibitory receptors are expressed on NK cells and interaction of NK cells 

with cells expressing normal levels of MHC class I molecules leads to NK cell 

inactivation. It has been shown that NK cells destroy target cells by at least three 

different mechanisms; secretion of cytotoxic cytokines, and calcium-dependent 

or calcium-independent cytotoxicity. Cytotoxicity by NK cells is different from 

cytotoxicity by T cells (cytotoxic T cells (CTL)). CTL’s recognise peptide in 

association with MHC class I or class II molecules, whereas NK cell mediated 

cytotoxicity is non-MHC restricted. In the calcium dependent pathway, 

cytotoxic granules, mainly perforin and granzymes which are induced by IL-2 

are secreted into the surface of the target cell resulting in membrane and DNA 

damage. In contrast, apoptosis is caused by the calcium-independent pathway, 

via receptor ligand interactions between target and NK cells (M oretta et al., 

1997).

A protective role for NK cells has been demonstrated in a number of 

bacterial infections. It has been shown that NK cells are not only responsible for 

production of early IFN-y in the course of chlamidial genital tract infection but 

are also a significant factor in the development of the T h l response which 

controls the infection. Depletion of NK cells in this model exacerbated the course 

of infection in mice and elicited Th2 responses (Tseng and Rank, 1998). NK 

cells participate in the early local and systemic eradication of bacteria during 

polymicrobial sepsis through interactions with macrophages (Godshall et al., 

2003). Levels of IL-12 in peritoneal cavity were increased shortly after ceacal
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ligation and puncture (CPL) in normal mice but not in mice depleted of NK cells 

suggesting that NK cells participate in the regulation of IL-12 during sepsis 

(Godshall et al., 2003).

1.1.2.2 Natural Killer T cells (NKT cells)

NKT cells are defined as lymphocytes expressing T cell receptor (TCR) in 

conjunction with N K l.l and other NK cell associated molecules (Assarsson et 

al., 2000). These cells were described as either CD4'^CD8' or CD4 CD8' and 

react with the non-classical MHC class I molecule CD Id through a restricted 

V al4-Ja281 TCR chain associated with either a VP2, -7 or 8- TCR chain. 

Outside the thymus, NKT cells are present at high frequencies in the bone 

marrow and liver but have also been described in the lamina propria of the small 

intestine as well as in the spleen and lymph nodes (Ohteki et al., 1999). NKT 

cells have been shown to be particularly important in mycobacterial infections. 

NKT cells in the liver are potent inducers of IL-4 and hence may promote Th2 

cell development. However, following Mycobacterium bovis infection, IL-4 

producing NKT cells become undetectable in the liver and cytokine production 

shifts to from IL-4 to IFN-y which protects in mycobacterial infections (Emoto et 

al., 1999). Activation of NKT cells is greatly enhanced by the marine sponge- 

derived glycolipid alpha-galactosylceramide (a  GalCer). a  GalCer -activated 

NKT cells restrict the growth of intracellular M. tuberculosis. (Gansert et al., 

2003). Humans infected with Mycobacterium tuberculosis also show elevated 

CD Id mediated responses (Gumperz et al., 2001).

1.1.2.3 y5 T  cells

y5 T cells are a subset of T lymphocytes found in lymph nodes and 

spleen, however, they are abundant in the intestine, skin, trachea lungs and other 

mucosal surfaces (Ferrarini et al., 2002). In murine bacterial infection models, yS 

T cells have been reported to participate in the innate immune response against 

bacteria such as Listeria momocytogenes (Hiromatsu et al., 1992), 

Mycobacteruim tuberculosis (Boom, 1999) and Escherichia coli (Takada et al..
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1993), and were shown to participate in the elimination of bacteria in the early 

stages of infection (Nakamura et al., 1999). Several studies have demonstrated 

that y5 T cells participate in the immune response by producing factor such as 

IFN-y and TNF-a, by direct cell-to-cell contact resulting in cytotoxicity or by 

producing granulysin and perforin (Spada et al., 2000; Subauste et al., 1995). yd 
T cells may also have a role to play in the pathogenesis of various autoimmune 

diseases as elevated levels have been reported in inflammatory bowel disease 

(Soderstrom et al., 1996) and multiple sclerosis (Nick et al., 1995) and they have 

also been implicated in poliomyelitis (Hohlfeld et al., 1991)

Microorganisms express molecular patterns that are unique and 

distinguishable from the host. These include unmethylated CpG dinucleotides, 

lipoproteins and LPS (Akira and Hemmi, 2003). The host has evolved specific 

pattern recognition receptors (PRRs), including Toll-like receptors (TLR) to 

allow the innate immune system to detect these pathogen-associated molecular 

patterns (PAMP) and to respond against infection. Upon infection, antigen 

presenting cells (APC), such as macrophages and dendritic cells, express TLR on 

their surface, bind these PAMP and initiate a signalling pathway that stimulates 

host defences. Since the discovery of TLRl in 1996, at least ten more have been 

identified and five have been linked to the recognition of PAMP eg. TLR4 is 

crucial for LPS recognition (Poltorak et al., 2000) and TLR9 is essential for the 

recognition of unmethylated CpG-DNA (Hemmi et al., 2000; Wagner, 2002). 

While TLRs mediate pathogen recognition by the innate immune system it is 

clear that cytokines are necessary for the full development of innate host 

defences through the induction of inflammatory responses, which improve 

bacterial clearance. TLR are also involved in the initiation of the adaptive 

immune system as they activate APC through the production of pro- 

inflammatory cytokines and the upregulation of co-stimulatory molecules.

1.2 Adaptive Immunity

Innate immunity is essential in controlling the initial spread of infection and in 

general, most of the microorganisms encountered by a healthy individual are 

cleared by these non-specific mechanisms within a few days. However, the final
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eradication of the pathogen and immunity from re-infection is dependent on the 

activation of the adaptive immune response. Adaptive immunity is mediated by 

lymphocytes, which have the ability to recognise specific epitopes on a particular 

pathogen. These lymphocytes can be classified into two categories, B 

lymphocytes and T lymphocytes.

1.2.1 B Lymphocytes

B lymphocytes or B cells are so called because they originate in the bone marrow 

and mature there. Once mature, B cells enter the bloodstream where they migrate 

to the peripheral lymphoid organs. Antibodies are the antigen specific products 

of B cells and the production of antibodies in response to infection is the main 

contribution of B cells to acquired immunity. Antibodies participate in host 

defence in three main ways. Neutralisation is the simplest way antibodies protect 

from a pathogen. This involves the antibody binding to toxins secreted by the 

pathogen, thereby blocking their access to cells they may effect or destroy. 

Antibodies also enable phagocytic cells to ingest and destroy bacteria. 

Antibodies coat the bacteria and phagocytic cells recognise the constant region of 

the antibody enabling it to engulf and destroy the organism. This is known as 

opsonization and is important, as some bacteria have developed strategies 

allowing them to become resistant to direct recognition by phagocytes. The third 

function of antibodies is to activate a system o f plasma proteins known as 

complement, which can directly destroy bacteria. Its main function, like that of 

antibodies themselves is to enable phagocytosis of organisms that would 

otherwise be unrecognisable. Complement also enhances the bactericidal 

activities of phagocytes.

All antibodies are constructed in the same way from four peptide chains, 

and the generic term immunoglobulin (Ig) is used for all such proteins. They are 

constructed from two identical heavy (H) chains, which are linked together by 

disulphide bonds. Each of the H chains are linked to an identical light (L) chain 

and each chain consists of a constant (C) and variable (V) region. 

Immunoglobulins (Ig) can be divided into five isotypes; IgG, IgM, IgA, IgE and 

IgD, which participate in distinct effector functions. IgG antibodies can be
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subdivided further into subclasses in mice (IgG l, IgG2a, IgG2b and Ig03) and in 

humans (IgG l, IgG2, IgG3 and IgG4). In general, a pathogen elicits a humoral 

immune response characterised by an early rise in IgM followed by affinity 

maturation and isotype switching to IgG, IgA, IgE and IgD. The interaction of 

CD40 ligand, expressed on the surface of activated T cells with CD40 on the 

surface of the B cell can stimulate B cell division (Rush et al., 2002), while the 

provision of cytokines such as IL-4 can enhance B cell differentiation and 

stimulate Ig class switching to IgG l and IgE in the mouse (Snapper et al., 

1988a). In the mouse, other cytokines such as IFN-y and TGF-P can stimulate 

class switching to the isotypes IgG2a (Snapper et al., 1988b) and IgA (Coffman 

et al., 1989; Sonoda et al., 1989) respectively.

IgM is the first Ig class to be produced in the primary response to antigen 

and is found mainly in the serum. IgM has been shown to enhance the immune 

response to sheep erythrocytes and this response was later shown to depend on 

the ability of IgM to activate complement (Heyman et al., 1988). High levels of 

IgM are associated with many autoimmune diseases. In rheumatoid arthritis, 

more than 70% of patients develop high titres of IgM and IgG, specific to the Fc 

portion of their own IgG molecules, however these IgM autoantibodies are not 

pathogenic. It has been shown that secreted IgM can suppress the development of 

IgG autoantibodies and autoimmune disease (Boes et al., 2000). No biological 

function had been identified for IgD, other than its action as a membrane bound 

receptor for immunocompetent B cells. B cells that have not undergone isotype 

switching express IgM and IgD. IgE antibody is present only at very low levels 

in the blood or extracellular fluid but is bound avidly by receptors on mast cells 

that are found beneath the skin and mucosa. Antigen binding to this IgE triggers 

mast cells to release histamine which increases blood flow to sites of infection, 

thereby recruiting phagocytes, eosinophils and antibodies. IgE is specifically 

involved in responses to parasitic infections and is associated in allergy (Bell, 

1996; Oettgen and Geha, 2001).

IgG is the principal isotype in the blood and extracellular secretions, 

while IgA is the principal isotype in secretions, the most important being those of 

the mucous epithelium of the intestinal and respiratory tract. The dominant 

effector function of IgG antibodies is in neutralization and opsonization but they
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also activate complement and enhance sensitisation for killing by NK cells. IgA 

is the primary Ig isotype induced at the mucosal surface. IgA secreting plasma 

cells are found predominantly in the lamina propria tissue beneath the epithelium 

and from here they can be transported across the epithelium to the external 

surface. The prototypic IgA receptor FcaRl or CD89 is found exclusively on 

cells of the myeloid lineage; monocytes, macrophages, neutrophils and 

eosinophils (Hellwig et al., 2001; van Egmond et al., 2001) and mediates the 

generation of secretory antibodies. A number of studies have shown that 

secretory IgA (sIgA) in mucosal secretions provides protection against bacterial 

(Czinn et al., 1993; Winner et al., 1991) and viral pathogens (Mazanec et al., 

1987; Renegar and Small, 1991) and neutralizes microbial toxins. By binding 

antigens and allergens, neutralizing them and limiting their absorption, sIgA can 

prevent allergies and other hypersensitivity reactions. However, other reports 

have stated that IgA is not required for protective mucosal immunity. In these 

studies IgA deficient mice retained mucosal immunity and expressed higher 

levels of IgM and IgG in the serum and gastrointestinal secretions and decreased 

levels of IgE in serum and pulmonary secretions (Harriman et al., 1999; 

Mbawuike et al., 1999). Altered type I immune responses were also observed 

(Zhang et al., 1985).

1.2.2 T Lymphocytes

Like B cells, T lymphocytes or T cells derive from the bone marrow but 

they migrate at a very early stage to the thymus where maturation occurs. T cells 

can be divided into two lineages depending on the cell surface receptors they 

express. The majority of T cells express receptors composed of a and (3 chains, 

with a smaller group expressing y and 5 chains. T cells make up more than 

95% of the thymus and can be further subdivided into cells that express CD4 or 

CD8. CD4^ and CD8^ cell subsets have distinct immunological functions. CD8^ 

cells are cytotoxic to infected cells and are known as cytotoxic T lymphocytes 

(CTL). CTLs destroy infected cells by the release of perforin or granzyme or by 

a process of Fas-mediated lysis (Kuwano and Arai, 1996). €04"^ cells on the 

other hand, provide help for B cells in antibody function as well as being
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involved in cell-mediated immunity by producing cytokines, which either 

directly affect invading pathogens or have immunoregulatory functions. CD4^ 

and CDS"  ̂ T cells also differ from each other in their recognition of antigen. T 

cell receptor complexes do not recognise intact pathogens, they recognise peptide 

fragments of pathogen-derived proteins in the form of complexes of peptide and 

major histocompatibility (MHC) molecules on the surface of the antigen 

presenting cell (APC). There are two types of MHC molecules; MHC class I 

molecules, which are expressed on virtually all cells, and MHC class II 

molecules, which are restricted to cells of the immune system. MHC class I 

molecules deliver endogenous antigen and this peptide MHC complex is 

recognised by CD8^ T cells, whereas MHC class II molecules deliver exogenous 

antigen and the complex is recognised by CD4‘̂ T cells.

1.2.2.1 €04"  ̂T cell Subsets

Upon stimulation by peptide MHC complexes, T cells produce the 

cytokine IL-2 and clonally expand. They can then differentiate into phenotypes 

that secrete other cytokines, thus Thl and Th2 cells can be derived from a single 

precursor cell. Thl and Th2 subsets were first described in 1986 when subsets of 

CD4'^ T cell clones with distinct functional capabilities were identified 

(Mosmann et al., 1986). Murine Thl cells have been shown to produce IL-2 and 

IFN-y whereas Th2 cells can produce IL-4, IL-5, IL-6, IL-9, IL-10 and IL-I3. 

Human Thl and Th2 cells produce similar patterns, however the synthesis of IL- 

2, IL-6, IL-IO and IL-13 is not as tightly restricted to a single set as in murine T 

cells (Mosmann and Sad, 1996). Several other cytokines are expressed by both 

Thl and Th2 cells including IL-3, TNF-a, granulocyte macrophage colony 

stimulating factor (GMCSF), (Met)enkephalin and members of the chemokine 

family. Thl cells are involved in cell mediated inflammatory responses; several 

Thl cytokines activate cytotoxic and inflammatory functions (Mosmann and 

Coffman, 1989a). Thl clones have been shown to induce delayed-type 

hypersensitivity (DTH) reactions and IFN-y is commonly expressed at sites of 

these reactions (Tsicopoulos et al., 1992). A Thl response is often accompanied 

by the production of complement-fixing antibodies of the IgG2a isotype (O'Garra
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and Arai, 2000). Th2 induction is considered to be the default pathway and in the 

absence o f microbial products, which stimulate IL-12 production, antigens that 

lack immunomodulatory activity, such as many soluble recombinant proteins, 

will induce Th2 cells. The cytokines induced by Th2 cells encourage antibody 

production, particularly IgE and also activate mast cells and eosinophils, thereby 

eliminating helminth and other extracellular parasites (Mosmann and Sad, 1996).

Although there are many well documented T h l and Th2 responses, other 

cytokine patterns are also possible. ThO cells express cytokines of both T h l and 

Th2 cells. Although ThO cells have been described in a variety of different 

priming conditions, it can’t be ruled out that the overlapping c)4;okine profiles 

associated with this group are due to a mixed population of T h l and Th2 cells 

rather than derived from an individual subset o f T cells. T cells that produce high 

amounts of transforming growth factor P (TGF-P) have been termed Th3 cells. 

They have regulatory function and were originally identified in studies of oral 

tolerance. Th3 cells are structurally identical to T h l cells in terms of TCR usage, 

MHC restriction and epitope recognition. However, they differ in their cytokine 

profile since they produce varying amounts of IL-4 and IL-10 as well as TGF-P 

(Chen et al., 1994). Th3 cells provide help for IgA and have suppressive 

properties for T h l and other immune cells (Weiner, 2001). Studies have shown 

that Th3 cells can suppress myelin basic protein (MBP) or proteolipid protein 

induced EAE (Chen et al., 1994), can prevent spontaneous autoimmune diabetes 

(Han et al., 1996) and play a major role in the induction of nasal tolerance in 

experimental autoimmune myasthenis gravis (Shi et al., 1999). TGF-(3 secreting 

Th3 cells require IL-4 for their in vitro generation. It appears that the induction 

of TGF-P is favoured by IL-4 and by conditions that decrease IFN-y production. 

However, once secretion of TGF-P has occurred, TGF-P itself further enhances 

its own production (Inobe et al., 1998).

Studies by Battaglia et al., have shown that in vitro stimulation of CD4‘̂ T 

cells in the presence of IL-10 results in the differentiation of a subset of T cells 

defined as T regulatory 1 (T rl) cells, with a profile distinct from that of T h l and 

Th2 cells (Battaglia et al., 2002). T rl cells can produce high levels of IL-10, 

significant amounts of IFN-y, IL-5 and TGF-P but little or no IL-4 or IL-2. T rl 

cells have low proliferative capacity under standard culture conditions, which is
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at least partially due to the autocrine antiproliferative effect of IL-10 and TGF-(3 

(Levings and Roncarolo, 2000). In vivo, T rl cells co-transferred with the 

pathogenic CD45RB*’'CD4'^ T cells prevented the induction of inflammatory 

bowel disease (IBD) in SCID mice (Groux et al., 1997). McGuirk et al., have 

shown that T rl cells suppress protective T h l, but not Th2 responses against B. 

pertussis by inducing IL-10 production by dendritic cells in the lung (M cGuirk et 

a!., 2002). Moreover, Cottrez et al., have shown that T rl cells play a fundamental 

role in maintaining the balance of the immune system to prevent allergic 

disorders. In contrast to OVA specific T h l or Th2 clones, in vivo transfer of T rl 

clones at the time of OVA immunization inhibits antigen specific serum IgE 

responses (Cottrez et al., 2000)

1.2.2.2 Factors influencing Thl and Th2 cell development

The differentiation pathway for T hl and Th2 cell development can be 

influenced by a number of factors, including the dose and form o f antigen, 

costimulatory interactions between cell surface molecules such as B7 and CD28 

and the cytokine environment. In the literature there is a major conflict in 

findings relating to whether T hl or Th2 type responses are elicited by high and 

low doses of antigen.

1.2.2.2.1 Dose and form of antigen.

Several studies have suggested that priming with high dose of an 

immunogen will induce humoral responses whereas lower doses will result in 

cell mediated immunity. Bretscher et al reported these findings using different
“J  f tnumbers of Leishmania major parasites (10 -  10 ) to immunize susceptible 

BALB/c mice. They showed that immunization with low numbers of parasites 

elicited DTH responses that protected against subsequent infection; however, 

increasing the number of immunizing parasites resulted in a loss of DTH 

responses and protection (Bretscher et al., 1996). In contrast other studies have 

shown that priming with different doses of immunogen induces the opposite 

responses, with high doses resulting in the development of a T h l responses and
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low doses resulting in Th2 responses. Studies in mice which were exposed to 

repeated low doses of protein antigens demonstrated this dichotomy with the 

development of Th2 like responses with high IgE production (Wang et al., 1996). 

Other studies have shown that polymerisation of ovalbumin (OVA) protein, 

which increases the molecular weight of the protein from 4.5 x 10"̂  to 3.5 x 10 ,̂ 

induces a predominant T h l response when administered to mice compared to the 

mixed T h l / Th2 response induced by monomeric OVA (Hayglass et al., 1986). 

Although these results suggest that there is no clear conclusion regarding the type 

of immune response induced with either high or low doses of antigen, it should 

be noted a major difference in these studies is the antigen used. In general, most 

of the studies in which low doses of antigen induced T h l type responses used 

parasites an immunogens, whereas low doses of soluble proteins tended to skew 

toward Th2 type cells so it appears that the antigen itself can influence the type 

of immune response induced.

1.2.2.2.2 Genetic backround

Genetic background may also have an influence in the differentiation of T 

cells. Recent studies by Morokata et al., have demonstrated that different strains 

of mice have different susceptibilities to OVA-sensitization and OVA-induced 

pulmonary eosinophilia. Mice were sensitised with alum precipitated OVA and 

then challenged with aerosolised OVA. Low dose sensitization elicited Th2 type 

antibody secretion from C57BL/6 mice, including high levels of serum IgE, IgG l 

and low levels of Ig02a, while BALB/c mice secreted T h l type antibodies, 

including low levels of IgE, IgG l and high levels of IgG2a. In contrast, high 

dose sensitization elicited T h l type antibody secretion in C57BL/6 mice, while 

BALB/c mice exhibited Th2 type antibodies (M orokata et al., 2000).

1.2.2.2.3 Co-stimulatory molecules

Activation of T cells requires two stimuli, both from A PC’s. The T cell 

receptor binds to its antigen-MHC complex, this reaction confers specificity. The 

second signal is from costimulatory proteins on the APC. The most potent
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costimulatory proteins are a family called B7. Two of these, B7-1 (CD80) and 

B7-2 (CD86) appear to influence Thl/Th2 ratios. In spite of their structural 

differences, CD80 and CD86 have been shown to signal through members of the 

CD28 family (Freeman et al., 1993). However, CD80 and CD86 are 

differentially expressed on populations of APC’s. Monocytes constitutively 

express CD86 whereas CD80 is induced after culture with IFN-y (Freedman et 

al., 1991). On B cells, CD86 is rapidly expressed following activation, whereas 

CD80 expression appears significantly later (Freeman et al., 1993). CD86 is 

expressed at low levels on stimulated dendritic cells and expression of both 

CD80 and CD86 is upregulated by GM-CSF (Hart et al., 1993; Larsen et al.,

1994). Recently, a third member of the B7 family has been identified. B7-H1 

signals independently of CD28 and its pathway mainly induces IL-10 production 

with lesser amounts of IL-2 (Dong et al., 1999). The costimulatory signal 

provided by CD28 and B7 in conjunction with TCR stimulus, induces IL-2 

production by precursor T helper cells, resulting in subsequent cell division and a 

variety of effector functions and thereby preventing apoptosis (Boise et al.,

1995). Antibodies against CD80 and CD86 have demonstrated their importance 

in T cell differentiation. It has been shown that anti-CD80 added to an assay of 

mouse T cell differentiation led to increased production of IL-4, while anti-CD86 

led to increased IFN-y production. It was also demonstrated that daily injections 

of mice with anti-CD80 ameliorated EAE, which is an autoimmune disease 

associated with Thl cells, and increased the number of Th2 cells. This suggests 

that CD80 and CD86 differentially enhance Thl and Th2 type responses 

(Freeman et al., 1995; Kuchroo et al., 1995). CTLA-4, a homologue of CD-28 is 

expressed by activated T cells and also binds B7 molecules. However signalling 

through CTLA-4 can provide a negative signal downregulating T cell 

differentiation (Tivol et al., 1995; Waterhouse et al., 1995).

1.2.2.2.3 Cytokine milieu

The evolution of the immune response is regulated by specific cytokines 

present in the microenvironment (Mosmann and Coffman, 1989b). These 

cytokines direct CD4‘̂ T cells to differentiate into subsets capable of secreting
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distinct patterns of cytokines associated with Thl or Th2 responses. Increasing 

evidence suggests that IL-12 and to a lesser extent IFN-y directs 004"^ T cells to 

differentiate into Thl cells and that IL-4 has the greatest influence in driving Th2 

differentiation. Based on both in vitro and in vivo studies, the window of time 

available before a precursor T cell becomes committed to a single effector cell 

phenotype has been estimated to be only a few days. Therefore, in vivo, the 

relevant cytokines will need to be present at the site of T cell/antigen contact 

within hours of infection or antigen administration to exert any influence on 

priming. Potential sources of these cytokines are the cells of the innate immune 

system. Candidates include NK cells for IFN-y production and mast cells and 

basophils for IL-4 production. (Plaut et al., 1989; Scott, 1993; Seder et al., 1991).

1.3 Chemokines

Over the last number of years, chemokines or chemotactic cytokines have 

emerged as a new subset of cytokines and have come to outnumber the members 

of other cytokine families. These structurally related molecules have been shown 

to participate in a variety of biological functions including cell recruitment and 

inflammation, and the development of Thl and Th2 cells.

1.3.1 Classincation

Chemokines are 8 to 12 kDa inducible and secreted proteins and are 

defined by the presence of four cysteines in highly conserved positions. Initial 

classification divided the family depending on the motif displayed by the first 

two cysteines. One major subfamily is called CXC or a  because the two 

cysteines nearest the N terminus are separated by a single amino acid. The other 

major subfamily is called CC or P because the two cysteines are adjacent 

(Rollins, 1997). A protein with two instead of four conserved cysteines, 

lymphotactin (C chemokine or y) and a chemokine like structure with three 

amino acids between the first two cysteines, fractalkine or neurotoxin (CX3C 

chemokine or 5) have also been identified (Bazan et al., 1997; Pan et al., 1997). 

Within the CXC subfamily, further subdivision exists. Some chemokines such as
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CXCLIO (interferon-inducible protein 10 or IP -10), CXCL4 (platelet factor 4 or 

PF-4) and CXCL9 (monokine induced by IFN-y) lack the amino acid m otif ELR 

adjacent to the CXC m otif (ELR-CXC). The non-ELR chemokines have altered 

biological properties compared to the ELR-containing chemokines. The ELR- 

CXC chemokines are predominantly neutrophils chemoattractants and activators, 

while the non-ELR chemokines are mainly chemotactic for T lymphocytes.

Alternatively, depending on their function in immunity and inflammation, 

chemokines can be distinguished into two classes. Inflammatory chemokines are 

produced by many different tissue cells and by immigrating leukocytes, in 

response to bacterial toxins and inflammatory cytokines such as IL -L  TNF and 

IFN. Their main function is to recruit leukocytes for host defence in infection and 

inflammation. Homing chemokines, in contrast, are expressed constitutively in 

defined areas of lymphoid tissues and direct the traffic and homing of 

lymphocytes and dendritic cells within the immune system. Such chemokines 

control the relocation and re-circulation of lymphocytes in the context of 

maturation, differentiation and activation and ensure their correct homing within 

secondary lymphoid organs (Baggiolini, 2001).

1.3.2 Chemokine receptors

All known chemokines signal through two groups of seven 

transmembrane receptors, CXCR and CCR, belonging to the rhodopsin-G 

protein-coupled superfamily (Murphy, 1996). Chemokines have two main sites 

of interaction with their receptors, one in the N-terminal region and the other 

within the exposed loop of the backbone that extends between the second and 

third cysteine. To date there are 17 known chemokine receptors, many of which 

exhibit multiple ligand specificity, which indicate that redundancy and versatility 

are characteristic of the chemokine system. The CXC and CC chemokine 

receptors recognize chemokines of the corresponding subfamily. Following 

activation, chemokine receptors become fully responsive to further stimulation. 

This desensitization process is thought to be caused by phosphorylation on 

residues present on the carboxyl tail of the protein and receptor internalisation 

(Richardson et al., 1995).
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1.3.3 Biological Properties of Chemokines

Chemokines are produced by several cell types, including monocytes, alveolar 

macrophages, neutrophils, NK cells, mast cells, eosinophils and T cells and are 

considered important mediators of inflammation. They are induced during viral, 

parasitic and bacterial infections (Schall and Bacon, 1994; Schluger and Rom, 

1997) and a number of studies in human and murine systems have shown that 

chemokine expression is tightly controlled by cytokines. IL-10 has been shown 

to elicit CCL2 (monocyte chemoattractant protein 1 or MCP-1) release by 

unstimulated human blood mononuclear cells (Yano et al., 1996). T N F-a, IL-1 

and IFN-y stimulate the release of CCL2, CCL13 (MCP-4) and C C L ll (eotaxin- 

I) in human endothelial cells (Proost et al., 1996). In addition, human NK cells 

are potent producers of CCL3 (macrophage inflammatory factor l a  or M IP -la ) 

after treatment with IL-12, TN F-a, IL-1 (3 or IL-10 and after co-stimulation with 

IL-12 and IL-15. In murine bone marrow derived macrophages and peritoneal 

macrophages, IL-4, IL-13 and GM-CSF induce the CC chemokine CIO (Orlofsky 

et al., 1994). Romano et al. have demonstrated a crucial role for IL-6 in 

leukocyte recruitment to sites of inflammation (Romano et al., 1997). The main 

function o f chemokines is leukocyte trafficking. The effects of chemokines on 

leukocytes are mediated by heptahelical receptors coupled to GTP-binding 

proteins. Shape change occurs in the cells leading to the formation and retraction 

of lamellipodia, which function like the arms and legs of migrating cells. The 

stimulation of leukocytes by chemokines also induces the production and 

activation of integrins. These enable the leukocytes to adhere to the endothelial 

wall before migrating into the tissues. Other responses characteristic o f the 

activation of leukocytes by chemokines include the rise in the intracellular free 

calcium concentration, the production of microbicidal oxygen radicals and the 

release of the contents of the cytoplasmic storage granules, such as proteases 

from neutrophils and monocytes, histamine from basophils and cytotoxic 

proteins from eosinophils (Baggiolini et al., 1997; Baggiolini et al., 1989).

A general rule for chemokine-mediated chemotaxis has emerged. In 

general, members of the CXC family are responsible for chemotaxis of 

neutrophils but not monocytes, and the CC chemokines are responsible for
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attracting monocytes and lymphocytes, and to a lesser degree basophils and 

eosinophils, but not neutrophils (Taub et al., 1993b). Particular chemokines 

induce selective migration of lymphocyte subsets, which differ both in 

phenotypic markers and activation state. While CC chemokines CCL5 

(Regulation on Activation Normal T cell Expressed and Secreted or RANTES), 

CCL3 and CCL4 (MIP-IP) all induce macrophage migration, they have distinct 

chemoattractant properties for lymphocytes. CCL3 induces preferential migration 

of activated CDS"  ̂ T cells and B cells, while CCL4 selectively induces 

chemotaxis of activated 0 0 4 ”̂ T cells (Schall et al., 1993). CCL5 induces 

migration of both activated and resting T cells (Schall and Bacon, 1994; Taub et 

al., 1993a; Taub et al., 1993c).

Chemokines have well defined roles in directing cell movements 

necessary for the initiation of T cell immune responses. They are needed to 

attract monocytes and immature DC’s to sites of inflammation, direct maturing 

AFC’s to lymphatic vessels and bring T cells and AFC’s together within the 

draining lymphoid organ (Cyster, 1999). Recent studies have indicated that 

chemokines recruit appropriate effector cells to sites of inflammation, including 

the differential recruitment of Thl and Th2 cells (Sallusto et al., 2000). An 

emerging body of evidence indicates that chemokines are also part of the Thl 

and Th2 paradigm and express specific chemokine receptors. Chemokine 

receptors on naive T cells have also been described; these include CXCR4, the 

receptor for CXCL12 (stromal cell derived factor 1 or SDF-1) and CCR7, the 

receptor for CCL19 (E B ll ligand chemokine or ELC). In addition, naive T cells 

express an unknown receptor responsible for the activation of dendritic cell 

chemokine 1 (DC-CKl) (Sallusto et al., 1998). Polarized Thl and Th2 cell 

populations differentially express chemokine receptors. Thl cells 

characteristically express high levels of CCR5 and CXCR3, whereas Th2 cells 

express CCR4, CCR8, CXCR4 and to a lesser extent CCR3. In accordance with 

receptor expression, polarized Thl and Th2 cells differentially respond to 

appropriate agonists for these receptors. Thl cells respond to CCL4 and CXCLIO 

and Th2 cells respond to CCL22 (macrophage derived chemokine or MDC), 

CCLl (1-309) and C C L ll (Bonecchi et al., 1998; Sallusto, 1999). A complex 

regulatory network of cytokine-chemokine interactions is emerging and appears
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to follow the basic rules of Thl / Th2 regulation. The cytokines induced by Thl 

cells, in particular IFN-y upregulate Thl attracting chemokines while 

antagonizing Th2 attracting chemokines. CXCLIO is induced by IFN-y and is 

expressed abundantly in Thl lesions. IL-4 can stimulate the production of Th2 

chemokines, in particular C C L ll and CCL13 (Li et al., 1999; Shinkai et al., 

1999). In a similar manner to IL-4, CCL13 can negatively regulate Thl responses 

(Sallusto, 1999). CCL2 has also been shown to regulate oral tolerance by 

inhibition of Thl related cytokines (Karpus et al., 1998)

Systematic and original names ReceDtor Thl/Th2

CCLl 1-309 CCR8 Th2

CCL2 MCP-1 CCR2 -

CCL3 M IP-la CCR1,CCR5 Thl

CCL4 MIP-ip CCR5 Thl

CCL5 RANTES CCR1,CCR3,CCR5 Thl

CCLll Eotaxin 1 CCR3 Th2

CCLl 3 MCP-4 CCR2, CCR3 Th2

CCLl 8 DC-CKl,MIP-3a Unknown -

CCLl 9 ELC, MIP-3P CCR7 Naive T cell

CCL22 MDC CCR4 Th2

CXCLIO IP-10 CXCR3 Thl

CXCL12 SDF-1 CXCR4 Naive T cell

Table 1 Chemokines, their receptors and their influence on T cell differentiation

The role of chemokines in mediating inflammation and infectious 

diseases has been extensively reviewed. They either promote innate immunity 

and host survival during the infection process or they can augment the 

pathogenesis of the infectious diseases. While inflammation and the 

accumulation of leukocytes is essential to innate host defence against microbes, 

the presence of infiltrating leukocytes in non-infectious disorders may be
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detrimental to the host. Inflammatory reactions mediating allergic lung diseases 

have been extensively studied regarding chemolcine action. Several chemolcines 

have been identified in the inflamed lungs of humans, mice and guinea pigs 

(Gonzalo et al., 1996; Jose et al., 1994; Ying et al., 1995). In addition, Standiford 

et al have shown that CCL3 mRNA and protein are expressed within the lung in 

response to endotoxin challenge and the expression of CCL3 may represent an 

important pathophysiological event resulting in lung inflammation, injury and 

early death in murine endotoxemia (Standiford et al., 1995). In allergic airway 

inflammation, the recruitment of eosinophils has been implicated as the 

predominant leukocyte responsible for bronchial mucosal injury and airway 

obstruction (Strieter et al., 1996). The CC chemokines CCL3, CCL5, C C L II and 

MCP-2 are potent eosinophil chemoattractants (Baggiolini et al., 1994; Taub and 

Oppenheim, 1994). CCL22 has also been shown to be involved in airway 

hyperactivity and lung inflammation (Gonzalo et al., 1999). A number of studies 

have shown that both CXC (IL-8 or CXCL8 and GRO- a  or CX C LI) and CC 

(CCL2, CCL3, CCL5) chemokines are present in rheumatoid arthritis and 

accounts for a significant proportion of neutrophils and mononuclear phagocyte 

activity in the disease (Koch et al., 1992; Koch et al., 1994; Koch et al., 1995). It 

has also been shown that CCL5 levels in the peritoneal fluid o f women with 

endometriosis correlate with the severity of endometrial disease (Khorram et al., 

1993).

In 1996, chemokines were shown to be an important factor in HIV 

infection. While the requirement for cell surface expression of CD4 for the 

recognition of the HIV virus of its host target cell had been confirmed for over a 

decade it was also proven that CD4 alone was not sufficient for viral fusion and 

entry into the target cell (Proudfoot, 1998). Specific chemokine receptors have 

pivotal roles as co-receptors for HIV entry into target cells. CCR5 acts as co

receptors for monocytropic strains of HIV, while CXCR4 acts as the co-receptor 

for T-tropic strains. Moreover, specific chemokines can suppress infection by 

some strains of HIV. CCL3, CCL4 and CCL5 can prevent infection of the M- 

tropic strain (Cocchi et al., 1995), while the ligand for CXCR4, CXCL12 can 

prevent the T-tropic strain (Bleul et al., 1996; Oberlin et al., 1996). CCR5 

appears to have a unique role in viral pathogenesis. Individuals homozygous for
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the non-functional allele are highly protected from HIV infection (Connor et al., 

1997). These findings have opened new avenues of research into the 

pathogenesis and into new strategies for therapy for HIV infection.

1.4 Bordetella pertussis 

1.4.1 Historical Background

Pertussis or whooping cough is an acute infectious disease caused by the 

bacterium Bordetella pertussis. In 1578, Guillaume de Balliou described 

pertussis for the first time giving it the name tussis quintina and since earlier 

descriptions cannot be identified, reviewers have suggested that pertussis 

appeared as a new infection of man at this time. The organism was first isolated 

and implicated as the cause of the disease in 1906 by Bordet and Gengou who 

previously observed a microorganism, most likely B. pertussis in the sputum of a 

patient (Bordet and Gengou, 1906). In the 20'’’ Century, pertussis has been one of 

the most common childhood diseases and a major cause o f childhood mortality 

and is presently one of the 10 most common causes of death from infectious 

diseases (Kerr and Matthews, 2000). The W orld Health Organisation (WHO) 

estimates that 50 million cases of pertussis and 600,000 deaths due to pertussis 

occur yearly, mainly in unimmunized populations (Cherry et al., 1998a; Kerr and 

Matthews, 2000). Pertussis can occur at any age, however, most cases of severe 

disease and the majority of fatalities occur in early infancy.

1.4.2 Classincation and Morphology

B. pertussis is a small gram-negative aerobic coccobacillus, which measures 

0.2 -  0.8 |xm in length. The bacillus has a slime sheath, and filaments extruding 

from the cell wall and its fastidious growth requirements make the bacteria 

difficult to isolate. Regan Lowe agar or Bordet Gengou medium is generally 

used. When grown aerobically on Bordet Gengou medium, colonies appear 

punctiform, convex and translucent with a narrow zone of haemolysis 

surrounding the colony. B. pertussis is one of 8 distinct species in the genus
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Bordetella, within the family Alcaligenaceae and these species can be 

differentiated from one another by their phenotypic characteristics and DNA- 

DNA hybridisation (Cherry et al., 1998a). O f the Bordetella species, B. 

pertussis, B. parapertussis, B. bronchiseptica, B. avium, B. trematum, B. holmesii 

and B. hinzii can cause disease with similar tracheal lesions and outward signs 

and symptoms that involve nasal discharge and persistent severe cough (Temple 

et al., 1998). Each species causes symptoms of disease only in a particular host 

however, they can also infect an immunosuppressed individual. Although B. 

pertussis is the main cause of whooping cough in humans, B. parapertussis can 

cause a mild pertussis-like disease in humans in addition to chronic pneumonia in 

sheep (Jian et al., 1991). B. avium  infects birds and causes the disease avian 

bordetellosis or turkey coryza (Temple et al., 1998). B bronchiseptica is 

primarily a veterinary pathogen, causing tracheobronchitis or kennel cough in 

dogs (Glickman and Appel, 1981; Kontor et al., 1981) and atrophic rhinitis in 

swine (Riising et al., 2002) and is an opportunistic pathogen in 

immunocompromised humans. B. hinzii is an opportunistic pathogen in humans, 

resulting in bacteremia in an AIDS patient (Cookson et al., 1994) and has also 

been isolated from cystic fibrosis patients and fowl (Aussel et al., 2000). B. 

holmesii is rare opportunistic pathogen of humans. It has been isolated from 

haemodyalisis (Greig et al., 2001) and sickle cell anaemia patients (Njamkepo et 

al., 2000) and is associated with septicemia, endocarditis and respiratory failure 

(Greig et al., 2001; Tang et al., 1998). Two new novel species of Bordetella have 

recently been identified; B. trematum, which has been isolated from wounds and 

ear infections in humans (Van Damme et al., 1996) and B. petrii, which was 

isolated from an aerobic bioreactor. B. petrii is the first member of the genus 

isolated from the environment and capable of aerobic growth (von 

Wintzingerode et al., 2001).

1.5 Virulence Factors of B. pertussis.

Bordetella-host interactions occur predominantly at respiratory surfaces. 

Many surface and secreted molecules involved in mediating these interactions 

have been identified. Those proven or predicted to function in adherence include
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filamentous hemagglutinin (FHA) (Alonso et al., 2002; Cotter et al., 1998), 

fimbriae (Mattoo et al., 2000), pertactin (PRN) (Leininger et al., 1992), and 

lipopolysaccharides (LPS) (Harvill et al., 2000). Bordetella species also produce 

toxins such as tracheal cytotoxin (TCT) (Cookson et al., 1989), a bifunctional 

adenylate cyclase toxin / hemolysin (ACT / Hly) (Dautin et al., 2002; Zaretzky et 

al., 2002), dermonecrotic toxin (Cowell et al., 1979), a B. pertussis specific 

pertussis toxin (Weiss et al., 1984) and B. bronchiseptica specific toxins which 

are secreted by a recently identified type III secretion system (Yuk et al., 1998). 

In addition to contributing to adherance of the organism to ciliated epithelial cells 

and mediating local pathology and systemic reactions, some virulence factors 

contribute to bacterial persistence by subverting the protective immune response 

of the host. The genes and operons of the above virulence factors, with the 

exception of TCT, are positively regulated by the BvgAS  master locus (Weiss and 

Falkow, 1984). 5vg-null mutants are avirulent in the infant mouse model and are 

cleared quicker than are wild type B. pertussis in adult animal models (Khelef et 

al., 1994; Weiss and Goodwin, 1989). Recent studies have demonstrated that 

active or passive immunization with a number o f antigens form B. pertussis can 

confer high levels of protection against subsequent aerosol challenge (Mills et 

al., 1998b). The contribution of each of these components to the disease is 

described below.

1.5.1 Fimbriae

Fimbriae, also knows as pili or agglutinogens are long filamentous 

polymeric protein structures (Mattoo et al., 2000) which extend from the 

bacterial cell surface and facilitate a variety of binding capabilities (Smith et al., 

2001) Bordetella genome sequence data (http://www.sanger.ac.uk) indicate that 

at least four other fimbrial structural genes exist, and other studies reveal that 

Bordetella  species express fimbriae of at least four serotypes, Fim2, Fim3, FimX 

and Fim A, which are encoded by the genes fim 2, fim 3, fim X  and fim A  

respectively (Boschwitz et al., 1997b; Pedroni et al., 1988). B. pertussis 

produces two serologically distinct types of fimbriae designated serotypes 2 and 

3, composed of the major subunits Fim2 and FimS respectively and one minor
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subunit FimD. The major subunits bind to glycosaminoglycans and the minor 

ones bind to the ocSpi-integrin very late antigen (VLA-5; CD49e / CD29), which 

is expressed on a variety of cells including epithelial cells and human monocytes 

(van den Berg et al., 1999b).

As with other virulence factors employed by B. pertussis to attach to host 

cells, the expression of fimbriae is controlled by the bvg locus. Fimbriae have 

been shown to induce nitric oxide production by murine macrophages (Xing et 

al., 1998). They have been implicated as important inducers of the mucosal 

response and act as immunomodulators influencing the development of the 

humoral immune response to pertussis infection (Mattoo et al., 2000). Although 

results consistently indicate that fimbriae contribute to the adherance of B. 

pertussis to respiratory epithelium cells (Van den Berg et al., 2000; van den Berg 

et al., 1999b) and Fim2 and Fim3 have been included as components of current 

acellular pertussis vaccines (van den Berg et al., 1999a), the exact role of 

fimbriae in pathogenesis has yet to established.

fhaB fimA fimB fim C  fim D  fhaC

Fig 1. Diagrammatic representation of the fha  /  fim  gene cluster. Genes 

involved in FHA production are shown as shaded boxes and those involved in 

fimbriae production are shown as open boxes.

1.5.2 Lipopolysaccharide (LPS)

LPS is a major constituent of the outer membrane of B. pertussis and is 

often referred to as lipooligosaccharide as it is smaller than many other bacterial 

LPS structures (Smith et al., 2001). LPS is present in most Gram-negative 

bacteria and generally comprises of lipid A, core oligosaccharide and a 

longsaccharide O chain. The structure of B. pertussis LPS differs in that it lacks 

the O antigen (Mattoo et al., 2000; Smith et al., 2001). LPS of B. pertussis has 

been shown to have similar properties to LPS of other Gram-negative bacteria
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when injected into experimental animals; these properties include inhibition of 

weight gain, pyrogenicity and adjuvanticity in addition to it being toxic, 

mitogenic and having the ability to activate and induce tumour necrosis factor 

(TNF) production in macrophages (Cherry et al., 1998a). LPS is present in 

varying concentrations in most whole cell pertussis vaccines (Pw) and it has been 

demonstrated that removal of LPS from pertussis vaccine preparations resulted in 

decreased efficacy (Bannatyne and Jackowski, 1987). In combination with other 

toxins, in particular pertussis toxin (PT), LPS is responsible for the 

reactogenicity and adjuvant effect of whole cell pertussis vaccine (Pw) through 

the induction of IL-1(3 (Loscher et al., 1997; Loscher et al., 1998; Loscher et al., 

2000b). Although LPS plays a major role in the systemic and neurological 

responses to infection and vaccination, it can be beneficial to the host in bacterial 

clearance by stimulating the production of IL-12 which enhances the 

differentiation and activation of IFN-y secreting cells, thereby inducing a 

polarized T h l response (Mahon et al., 1996).

1.5.3 Tracheal Cytotoxin

Tracheal cytotoxin (TCT) is a low molecular weight disaccharide 

tetrapeptide subunit of peptidoglycan from the cell wall envelope (Cookson et 

al., 1989) and was first described by Goldman et al, 1982. TCT falls into the 

muramyl peptide family whose biological activities include adjuvanticity, 

somnogenicity, pyrogenicity and cytotoxicity (Luker et al., 1993). Although 

produced by all Gram-negative bacteria as they remodel their cell wall during 

growth, only Bordetella species (Mattoo et al., 2001) and Neisseria gonorrhoeae 

(Cloud and Dillard, 2002) have been shown to secrete the toxin into culture 

supernatant. TCT causes specific destruction o f the ciliated cell population, 

leaving an intact epithelium devoid of cilia (Flak et al., 2000). This forces the 

infected individual to cough persistently in order to remove mucus, a task 

normally performed by ciliated cells. In addition, the destruction of cilia 

predisposes patients to secondary pulmonary infections, which are major causes 

of pertussis mortality. TCT stimulates the production of IL-1 and nitric oxide 

(NO) by respiratory epithelial cells and there is evidence that the cytopathology
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of the toxin is mediated by NO, either induced directly by TCT or through the 

stimulation of IL -Ia  production (Heiss et al., 1993). It has been shown that TCT 

at low concentrations effects neutrophil function and at higher concentrations is 

toxic. Therefore, TCT may contribute to the survival of B. pertussis within the 

airways (Cundell et al., 1994).

1.5.4 Dermonecrotic toxin (DNT)

Misidentified as an endotoxin, DNT was the first virulence factor 

identified in 1909 by Bordet and Gengou when they extracted a dermonecrotic 

substance from dried B. pertussis organisms (Cherry et al., 1998a). DNT is a heat 

labile toxin which induces localized necrotic lesions in laboratory animals when 

injected intradermally and is lethal to mice when administered intravenously 

(Mattoo et al., 2001). It has been reported to be localised in the cytoplasm of the 

organism with a part of the toxin exposed at the cell surface (Livey and 

Wardlaw, 1984). DNT has been reported to act by promoting vasoconstriction 

resulting in tissue necrosis; vasoactive compounds such as verapamil are only 

able to slightly reduce the action of the toxin (Kerr and Matthews, 2000). DNT 

has not been as extensively studied as other virulence factors of B. pertussis. This 

may be partly due to difficulties in its purification process and its non

requirement as an antigen in Pw (Wardlaw, 1988). Although considered a 

virulence factor of B. pertussis, mutants deficient in DNT do not exhibit any 

differences in virulence (Smith et al., 2001).

1.5.5 Tracheal Colonisation Factor (TCF)

TCF is a recently identified virulence factor of B. pertussis and is 

encoded by vag38 or tcfA (Smith et al., 2001). It promotes bacterial growth in the 

trachea, possibly by acting as an adhesin (Finn and Amsbaugh, 1998). The role 

of TCF in pathogenesis has not been established, however, B. pertussis strains 

lacking this protein are less virulent than wild type strains with a 10 fold fewer 

bacteria recovered from the lungs of mice infected by aerosol inoculation (Kerr 

and Matthews, 2000).
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1.5.6 Serum Resistance Locus {Brk)

W ild type B. p ertu ssis  is relatively resistant to classical pathway  

com plem ent-dependent killing by human serum. It has been show n that the 

capacity o f  B. p ertu ssis  to survive k illing by this pathway is regulated by the 

products o f  the serum resistance or brk  {B ordete lla  resistance to k illing) locus 

BrkA and BrkB (Fernandez and W eiss, 1998). Mutant strains o f  the bacteria 

deficient in the expression o f  the brk  locu s are significantly  less virulent than 

w ild  type strains (Kerr and M atthews, 2000; Smith et al., 2001). BrkA protein 

has tw o RG D m otifs and is involved  in bacterial adherance and invasion  

(Fernandez and W eiss, 1994).

1.5.7 Adenylate Cyclase Toxin (ACT)

ACT is one o f  the major toxins produced by B. p er tu ss is  and was 

identified more than 20 years ago. The toxin  as an extracytoplasm ic enzym e that 

is released by B. p ertu ssis  into the surrounding m edium  during exponential 

growth (Cherry et al., 1998a) and its activity is m arkedly enhanced by 

calm odulin, a protein that is unique to eukaryotic ce lls  (W o lff et al., 1980). ACT  

is a bifunctional protein belonging to the R TX  (repeat in toxin) fam ily  (Sm ith et 

al., 2001) with a haem olysin  enzym e dom ain that is critical for entry into the 

ce lls and an adenylate cyclase dom ain w hich  elevates intracellular cyclic  

adenosine m onophosphate (cA M P) (Ladant and U llm ann, 1999). Synthesized  as 

an inactive precursor, A C T is converted to the active toxin  by palm itoylation o f  

L ys983, a process that is dependent on the product o f  the accessory gene C yaC  

(W o lff et al., 1980). A lthough A C T  can invade a variety o f  cell types, recent 

studies have shown that it interacts sp ecifica lly  with the 0 tmp2 integrin, 

suggesting that ce lls expressing this integrin m ay be the primary targets o f  the 

toxin (Dautin et al., 2002). After translocation into a target ce ll, A C T is activated  

by host cell calm odulin and catalyses the uncontrolled production o f  intracellular 

cA M P, a process termed intoxication (Gray et al., 1988; H anski, 1989). Supra- 

physiological levels  o f  cA M P  suppress leukocyte functions such as chem otaxis, 

phagocytosis, and oxidative burst, potentiating B. p er tu ss is  survival (Confer and
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Eaton, 1982; Friedman et al., 1992). ACT has also been shown to induce in vitro 

apoptosis of alveolar macrophages (Gueirard et al., 1998). Studies in animal 

models have shown that compared to wild type B. pertussis, ACT deficient 

mutants are defective in their ability to cause lethal infection in infant mice 

(Gueirard and Guiso, 1993; Weiss and Goodwin, 1989) and to grow in the lungs 

of older mice (Goodwin and Weiss, 1990; Gueirard and Guiso, 1993). Moreover, 

significantly fewer inflammatory cells, in particular PMNs, are recruited to the 

lungs in response to infection with the mutant bacteria, compared to wild type 

(Khelef et al., 1994). This suggests that ACT functions primarily as an pro- 

inflammatory factor during infection.

1.5.8 Pertactin (PRN)

Bordetella express a number of related surface-associated proteins that 

appear to direct their own export to the outer membrane where they undergo 

proteolytic processing (Mattoo et al., 2001). The best characterised member of 

this family to be identified in Bordetella is pertactin. M ature PRN is a 68-kDa 

protein in B. bronchiseptica and a 69-lcDa protein in B. pertussis. PRN acts as an 

adhesin for the organism, however the biological activities remain to be defined. 

Like FHA, PRN contains an RGD motif, which mediates binding to CHO cells, 

and since FHA binds to CR3 by means o f an RGD sequence, it has been 

suggested that pertactin may also bind this integrin. Active or passive 

immunization of mice with PRN had been shown to protect mice against 

intranasal (Roberts et al., 1993) or aerosol challenge with B. pertussis (Mills et 

al., 1998a). It had also been demonstrated that PRN can augment the suppressive 

effects of FHA on LPS-induced IL-12 production in vitro  (McGuirk et al., 2000).

1.5.9 Pertussis toxin (PT)

PT is the most extensively studied B. pertussis virulence factor and has 

also been known as lymphocytosis-promoting factor, islet-activating factor and 

histamine-sensitising factor due to its effects in mice (Kerr and Matthews, 2000). 

Of the Bordetella species identified and studied so far, only B. pertussis
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synthesises and secretes PT. B. parapertussis and B. bronchiseptica contain 

transcriptionally silent pertussis toxin genes (Arico and Rappuoli, 1987). PT is an 

ADP ribosylating toxin composed of six polypeptides, designated S1-S5. The 

subunits are held together by non-covalent interactions and arranged in an A-B 

structure typical of many bacterial toxins. The A monomer consists of the 

enzymatically active SI subunit and sits on top of the B oligomer which is a ring 

like structure formed by the remaining subunits (S2-S5) in a ratio of 1:1:2:1. The 

A monomer is responsible for the toxicity of the toxin, which is mediated by the 

ADP-ribosyltransferase activity, while the B oligomer mediates binding of the 

toxin to surface glycoproteins, including lactosylceramide and gangliosides, 

which facilitates entry of the A subunit into the cell. Upon entry to the cell, the 

A subunit ADP-ribosylates a cystine residue located near the carboxyl terminus 

of the a-subunit of the teterotrimeric G proteins including Gi, which is involved 

in the inhibitory control of mammalian cellular adenylate cyclase. ADP- 

ribosylation uncouples signal transduction between G proteins and as a result the 

conversion of ATP to cAMP cannot be controlled, resulting in increased 

intracellular cAMP levels, which disrupts normal cell function (Burnette et al., 

1992).

It has been reported that PT, like cholera toxin (CT) and heat labilt toxin 

(LT) possesses adjuvant properties (Cherry et al., 1998a). It has been shown to 

potentiate local and systemic antibody responses, enhancing IgE, IgA and IgG 

production to co-injected antigens (Munoz and Peacock, 1990). PT has also been 

reported to augment delayed-type hypersensitivity (DTH) reactions and to 

exacerbate autoimmune diseases such as experimental allergic encephalomyleitis 

(EAE) (Hofstetter et al., 2002; Munoz, 1985; Sewell et al., 1987). Recent studies 

have suggested that the adjuvant effect o f PT is associated with the enhanced 

production of both T hl and Th2 cytokines. The adjuvant effect of PT for IgE 

responses is associated with increased IL-4 production and that the potentiation 

of DTH reactions by the toxin is associated with enhanced IFN-y.

As well as being a major virulence factor, PT is considered to be a key 

component in the protective immune response to B. pertussis. It has been 

suggested that the protective capacity of Pw is partly due to residual active PT. 

PT is associated with the neurological side effects associated with both B.
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pertussis infection and immunisation with Pw. Some of the cHnical symptoms of 

pertussis can be reproduced in experimental animals using purified PT (Pittman, 

1984). Chemically or genetically detoxified forms of the toxin are now available 

and are an essential component of acellular pertussis vaccines.

1.5.10 Filamentous haemagglutinin (FHA)

A critical step in the pathogenesis of B. pertussis is attachment of the 

pathogen to the host. FHA is consistently referred to as the major adhesin of the 

bacteria. FHA is a large, highly immunogenic, hairpin like shaped molecule that 

agglutinates a variety of erythrocytes and has multiple adhesive properties 

including recognition of different host cells as well as the bacteria itself (Weiss 

and Hewlett, 1986). It is synthesized as a 367-kDa precursor, FhaB which is 

modified at its N-terminus and cleaved at its C-terminus to form the mature 

220kDa FHA protein. Efficient secretion of the protein requires an outer 

membrane associated accessory protein, FhaC (Mattoo et al., 2001). FHA has an 

Arg-Gly-Asp (RGD) motif, which stimulates adherence to 

monocyte/macrophages and possibly other leukocytes via the leukocyte response 

integrin/integrin associated protein (LRI/IAP) complex via CR3 (Ishibashi et al., 

1994). Ligation of CR3 to macrophages induces phagocytosis but does not 

stimulate intracellular killing of the bacteria due to suppressive effects of the 

toxins of the bacteria. This facilitates intracellular survival and persistence of B. 

pertussis in the lungs. It has been shown that B. pertussis can inhibit T cell 

proliferation to exogenous antigens in vitro in an FHA dependent manner. 

M cGuirk and Mills have demonstrated that interaction of FHA with receptors on 

macrophages results in suppression of the proinflammatory cytokine, IL-12, via 

an IL-10 dependent mechanism (McGuirk and Mills, 2000a). This demonstrates 

a role for FHA in facilitating persistence of the bacteria by curbing the protective 

T h l response. As well as subverting the immune response to B. pertussis, it has 

recently been demonstrated that FHA may also exert an immunomodulatory 

effect on immune responses to an unrelated pathogen; intranasal administration 

of FHA to mice infected with influenza virus suppressed the virus specific Thl 

response in the local lymph nodes (McGuirk et al., 2000). The suppressive
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effects of FHA on the immune response may also explain the susceptibility of 

pertussis patients to secondary infections and the reduced immune responses to 

other pertussis antigens of multi-component vaccines that include FHA as a 

component.

1.6 Pathogenisis of B. pertussis

Pertussis, for a long time has been considered a childhood illness, 

however in the last two decades there has been increasing evidence that pertussis 

not only effects children but also adolescents and adults (Cherry, 1999; Wirsing 

von Konig et al., 1995). Generally pertussis disease can be divided into four 

phases, incubation, catarrhal, paroxysmal and convalescent. The bacteria are 

spread by aerosal transmission and infection starts with its arrival in the upper 

respiratory tract, where the bacteria adhere to the ciliated epithelial cells. 

Adherence of B. pertussis to cilia is mediated mainly by FHA and PT, which act 

synergistically creating a bivalent bridge between the bacteria and the ciliary 

receptor (Locht et al., 1993; Reiman et al., 1990). During this incubation stage 

bacteria multiply in the lungs, evade the initial non-specific immune defences of 

the host and colonise in the ciliated mucosa. Incubation lasts 7 to 10 days and not 

usually more than 14 days. The onset of the disease is subtle, resembling a mild 

upper respiratory tract infection with rhinorrhea, mild conjunctival infection 

occasional sneezing and a mild cough. The cold-like symptoms continue with 

persistent and increasing dry hacking cough. This catarrhal stage o f the infection 

is the most infectious period with risk of transmission decreasing through the 

other stages. The cough increases in intensity and frequency leading to the 

paroxysmal stage, which usually lasts, from one to six weeks. At the height of 

the illness, patients experience 10 to 20 or more paroxysms in 24 hours. Each of 

these paroxysms may consist of thirty rapid forceful expiratory coughs, 

sometimes resulting in cyanosis (Redhead, 1996). At the termination of the 

paroxysm a long drawn inspiratory effort is accompanied by a whoop in children 

beyond early infancy (Cherry et al., 1998a). Infants under six months may not 

have the strength to have a whoop but they do have paroxysms of coughing. The 

paroxysm stage lasts from one to four weeks, gradually becoming less severe and
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the paroxysms less frequent. This is the convalescent stage, which may last up to 

six months. Patients are free from B. pertussis organisms at this stage despite 

persistent coughing.

The use of antibiotics, such as erythromycin or trimethoprim 

sulfamethoxazole, can prevent the disease in exposed children if administered 

prior to the development of the symptoms. Treatment in the catarrhal stage may 

lessen the severity of the disease, however once the paroxysmal stage has 

developed, antibiotics do not influence its duration or severity. The problems are 

exasperated by the difficulty in identifying the disease prior to the development 

of the paroxysmal cough. In view of these obstacles therapeutic treatment of 

pertussis is not considered to be a viable option and prevention of the disease 

through the development and widespread use o f effective vaccines has been 

recognised as the most applicable control measure.

1.6.1 Complications of B. pertussis infection

A wide range o f complications are associated with B. pertussis, mainly 

related to the effects of the paroxysms. Young infants are at highest risk for 

acquiring clinical pertussis and pertussis associated complications. The most 

common complication and the cause of most pertussis related deaths is secondary 

bacterial pneumonia. Other less serious complications of pertussis include otitis 

media, anorexia and dehydration due to repeated vomiting. Complications 

resulting from pressure effects of severe paroxysms include hernias and rectal 

prolapse.

1.6.1.1 Respiratory complications

The most common complications of pertussis infection are pulmonary, some of 

which are caused by secondary bacterial infections. B. pertussis attaches to the 

ciliated epithelial cells causing endobronchial necrotizing inflammatory 

response, characterised by stasis, shedding of cells into the lumen and paralysis 

of the cilia, which can lead to pneumonia (Cherry et al., 1998a). The loss in 

ciliary movement occurs early in infection, approximately six to twelve hours in
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the mouse (Weiss and Hewlett, 1986). Obstruction of the airways in infants with 

severe infection, may result in emphysema or lead to pneumothorax. Secondary 

infections usually associated with H. influenza, S. pneumoniae, S. pyogenes or 5. 

aureus and are often accompanied by significant fever (Cherry et al., 1998a).

1.6.1.2 Neurological complications

Neurological complications occur most frequently in the paroxysmal 

stage of infection and occur most commonly in infants. Acute neurological 

manifestations may include persistent seizures, hemiplegia, paraplegia, ataxia, 

blindness, deafness, and decerebrate rigidity (Cherry et al., 1998a; Donnelly et 

al., 2001; Loscher et al., 2000a). A serious although uncommon complication of 

clinical pertussis is the development of encephalopathy. This sequelum of 

disease has been attributed to the effects of the toxins of B. pertussis. Of the 

toxins produced by the bacteria, PT appears to be the only likely candidate and 

has been postulated to act either directly on the central nervous system (CNS) or 

indirectly by causing hypoglycaemia or other metabolic disturbances (Grant et 

al., 1998). Encephalopathy can also be caused by local haemorrhage secondary to 

vigorous coughing. A clinically similar encephalopathy is associated with the 

administration of Pw (Weiss and Hewlett, 1986). One third of children in whom 

encephalopathy develops die, one third survive with residua and one third 

survive and appear normal. Sequelae may include mental retardation, focal 

paralysis, focal or generalized seizures, and changes in personality and 

behaviour. Early studies, mainly in the prevaccination era, suggested an 

association between pertussis and mental retardation or behavioural disturbance 

(Cherry et al., 1998a).

1.7 Vaccination

At the beginning of the 21®‘ Century, infectious diseases remain a major 

cause of morbidity and mortality in human populations, particularly in 

developing countries. It is undeniable that vaccination is one of the most 

significant public health interventions in the past century, sparing millions of
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people from infectious diseases. Due to immunization programmes of the World 

Health Organization (WHO), smallpox was eradicated in 1979 and it is hoped 

that poliomyelitis will be eradicated in the next few years. Since the discovery by 

Edward Jenner in 1796 that cowpox, or vaccinia, could induce protection against 

smallpox, vaccines have been developed against a broad range of diseases, 

including polio, mumps, measles, rubella, diphtheria and whooping cough and 

have prevented millions of deaths each year from these infectious diseases.

1.7.1 Whole cell Pertussis Vaccines (Pw)

1.7.1.1 Production and Efficacy

Following the initial isolation of B. pertussis in 1906, the idea of 

vaccination against the disease was immediately considered and by 1914, 

“whooping cough vaccine” was listed in the USA. The majority of pertussis 

vaccines developed over the following decades contained intact bacteria, killed 

or inactivated by chemical or physical methods. This form of vaccine became 

known as Pw (Redhead, 1996). In 1925, Madsen reported the results of 

vaccination trials in the Faroe Islands during the 1923 -  1924 period. His original 

vaccine consisted of freshly isolated strains of B. pertussis which had been 

grown for 48 hours in Bordet-Gengou medium and suspended in phenolyzed 

saline (Felton and W.F.Verway, 1955). In these trials and a later one, Madsen 

demonstrated a degree of protection in vaccine recipients (Madsen, 1925; 

Madsen, 1933). Over the next few years the quality and consistency of pertussis 

vaccines improved and by the 1940’s, good efficacy levels were being reported 

for several types of pertussis vaccine formulations. Early pertussis vaccines were 

evaluated on the basis of results in clinical trials, because there were no 

laboratory tests available for standardization. A major advance came when 

Kendrick et al developed the mouse intracerebral challenge protection test for 

standardization (Kendrick, 1947). Vaccines standardized by the mouse potency 

test were studied in extensive trials in the UK and there was a correlation 

between protection in children and protection in mice. From the middle of the 

1940’s pertussis vaccine was combined with diphtheria and tetanus toxoids, and 

adsorbed to aluminium hydroxide. These triple vaccines (DTP) have been used
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throughout the world ever since. It is generally believed that current Pw are 

effective and of benefit to the recipients but it is difficult to obtain direct 

estimates of efficacy for the current vaccines due to their widespread use and 

ethical considerations. However, indirect assessments of efficacy can be obtained 

from comparing vaccine acceptance rates with levels of notified cases of disease.

In the UK in 1974, a report was published ascribing to 36 neurological 

reactions to the vaccine and a leading health academic, Dr Gordon Steward 

claimed that the protective effect of the vaccine was marginal and did not 

outweigh it’s danger (Gangarosa et al., 1998). This adverse publicity concerning 

side effects associated with the vaccine resulted in a decline in acceptance of the 

whole cell vaccine and was followed with an increase in pertussis cases, resulting 

in large epidemics in 1978 and 1982 with more than 100,000 cases of pertussis 

and close to 400 pertussis related deaths reported (Goodman et al., 1998; Pollard, 

1980). As acceptance rates rose again, disease incidence declined dramatically 

and has remained low since. Studies of vaccine efficacy have demonstrated 

efficacy of the Pw to range from 81% to 93%, demonstrating that the vaccine is 

highly effective against pertussis (Church, 1979).

1.7.1.2 Adverse Reactions

Although Pw have for the most part been successful in controlling 

pertussis, the adverse side effects associated with it are of concern. The reactions 

to the vaccine can be divided into three separate groupings. Local reactions are 

usually mild and include erythema, induration and tenderness at the site of 

injection. M ild to moderate systemic reactions, which are more worrying but 

usually short lived, include vomiting, persistent crying, drowsiness spasm and 

fever (Greco et al., 1996). The main cause for concern relates to the temporal 

association of the vaccine with sudden infant death syndrome (SIDS), or the 

diagnosis of neurologic illness. These neurological events include seizures, 

prolonged convulsions, epilepsy and the condition that had become known as 

pertussis-vaccine encephalopathy (Stetler et al., 1985a; Stetler et al., 1985b). It 

has been suggested that residual active toxins, in particular active PT and LPS 

are responsible for the reactogenicity of the vaccine. Recent studies by Donnelly
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et al., and Loscher et al., have shown that it is possible to induce fever and 

seizure like behavioural changes in mice following parenteral vaccination with 

Pw and exposure to high temperature and these responses appear to be mediated 

by inflammatory cytokines such as IL -ip  which are produced in the brain in 

response to active toxins (Donnelly et al., 2001; Loscher et al., 1998). Madsen 

was the first to report serious illness following pertussis vaccination when, in 

1933, he described two deaths within 48 hours of immunization (Madsen, 1933). 

Since then, links of pertussis vaccination with severe and permanent neurological 

complications have been extensively documented, however, all of these studies 

suffered from not being controlled for temporally related events due to other 

causes (Redhead, 1996).

1.7.2 Acellular Pertussis Vaccines (Pa)

Although Pw are effective in prevention of pertussis disease, concerns 

about the local and systemic reactions have stimulated efforts to produce less 

reactogenic Pa, from purified components of the bacteria. The first DTPa 

vaccines to be used clinically were developed in Japan and they were all based 

on an attempt to produce toxoided PT for the acellular pertussis component. 

They were prepared by ultra-centrifugation and all contained PT that was 

chemically detoxified. Pa have been used in Japan since 1981. Pa are produced 

by six different manufacturers in Japan. Four manufacturers produce T-type 

(named after manufacturer Takeda) vaccines, which consist of formalin treated 

FHA, PT, PRN, and Agglutinogen 2 (AGG2) in a ratio of 90:10:10:1. The 

manufacturer Biken produces the B-type vaccine and it contains equal parts of 

separately purified, formalin treated PT and FHA. Both types of Pa were 

evaluated in field trials and the results revealed an adequate immune response 

and a low incidence of adverse reactions (Aoyama et al., 1989). The remaining 

Japanese manufacturer, Kaketsu produces a vaccine containing formalin treated 

PT and FHA in the ratio of 1:4. Other Pa with varied compositions have been 

produced in the US and in Europe. These include monovalent (PT), bivalent (PT 

and FHA), trivalent (PT, FHA and PRN) and pentavalent (PT, FHA, PRN, Fim2
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and Fim3) vaccines (Watanabe et al., 2002) in combination with diphtheria 

toxiod (DT) and tetanus toxoid (TT).

The incidences of adverse reactions are significantly lower following 

immunization with Pa compared to Pw. Several studies have demonstrated lower 

toxicity and incidences of fever due to the dramatically decreased levels of active 

PT and LPS in Pa (Greco et al., 1996; Miller et al., 1997). Although the safety 

profile of Pa is considerably higher compared with Pw, the level of protection 

induced is generally lower than that induced by Pw. The residual toxins PT and 

LPS, which have been shown to be responsible for the reactogenicity of Pw and 

are absent in Pa, are also the main components that enhance the efficacy of the 

vaccines. The most extensive detailed field trial on Pa has been a jo in t Swedish, 

USA and Japanese study carried out in Sweden. In this study, JNIH6, comprising 

of formalin treated PT and FHA was found to evoke fewer and milder local and 

systemic reactions than Pw and showed efficacy of 69% in a phase III efficacy 

study (Ad Hoc Group for the Study of Pertussis Vaccines, 1988). There are 

several issues concerning Pa, which have yet to be resolved, including the 

absence of immunological correlates for protection and the lack of a laboratory 

test for potency. The mouse intracerebral challenge protection test designed by 

Kendrick et al., (Kendrick, 1947) which is used to test the potency of Pw is not 

suitable for Pa. Despite these gaps in our understanding of Pa, they are becoming 

widely used throughout the world, however, developing countries still rely on 

Pw, largely due to costs and ease of manufacture.

1.8 Immunity to B. pertussis

The mechanism o f immunity to pertussis is not well understood. Animal 

models for infectious diseases of humans have made significant contributions to 

our understanding of the immune mechanisms that determine resolution of 

infection or protracted infection. Aerosol inoculation results in respiratory 

infection in mice displaying many of the characteristics observed in infected 

children and is used in many laboratories to determine mechanisms of immunity 

to B. pertussis (Mahon et al., 1997b; Pittman et al., 1980; Sato et al., 1980; Sato 

et al., 1981). Recovery from primary B. pertussis infection provides long lasting
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protective immunity against subsequent disease, however it is not clear which 

components of the immune response confer protection or contribute to bacterial 

clearance. Investigation of immunity against B. pertussis in immunized children 

demonstrated that recovery form whooping cough or immunization with Pw is 

associated with the induction of Thl cells, whereas immunization with Pa 

induces T cells with a mixed Thl / Th2 profile (Ausiello et al., 1997; Ryan et al., 

1997a; Ryan et al., 1998b). These studies support a role for both cell mediated 

immunity and humoral immunity in protection against B. pertussis.

1.8.1 Cellular Immunity

Nearly 30 years ago, B. pertussis was described as surviving within lung 

macrophages after intranasal infection of mice, yet it is only recently that it has 

ceased to be regarded as an exclusively extracellular pathogen. In 1989 it was 

reported that virulent B. pertussis invaded and survived within a non-professional 

phagocyte, a HeLa 229 cell line (Ewanowich et al., 1989) and it has since been 

shown that it can be taken up and survive within a range of mammalian cell lines 

(Mouallem et al., 1990), human PMN’s (Steed et al., 1992) and macrophages 

(Friedman et al., 1992; Masure, 1993). However, other studies report conflicting 

data with phagocytosed B. pertussis failing to survive in human neutrophils 

(Lenz et al., 2000). B. pertussis has also been shown to survive within murine 

alveolar macrophages (Hellwig et al., 1999). These findings indicate a method by 

which B. pertussis can evade antibody mediated immune defences and suggests 

that a cell mediated immune response is necessary to clear this intracellular 

phase. Cell mediated immunity appears to persist much longer than antibody 

levels in most children receiving a primary vaccination with the highly 

efficacious Pa (Cassone et al., 1997; Greco et al., 1996).

A role for controlling B. pertussis infection is clear from various studies 

using murine models. The first direct evidence of the importance of T cells in 

immunity to B. pertussis was provided by the demonstration that athymic (nu/nu) 

mice failed to clear bacteria whereas normal BALB/c mice cleared the bacteria 

35 days after challenge. Further evidence is provided from adoptive transfer 

experiments where B. pertussis specific CD4^ T cells from mice but not CD8^ T

37



cells primed by infection were shown to be capable of conferring protection in 

athymic mice or sublethally irradiated recipient mice, in the absence of 

detectable antibodies. The protective cells were shown to secrete IFN-y and IL-2 

but not IL-4, cytokines characteristic of T h l cells (Mills et al., 1993). Thl 

cytokines can also be detected in the serum and broncheoalveolar lavage fluid of 

mice infected with B. pertussis (Torre et al., 1993). Mice defective in cytokines 

characteristic of T h l and Th2 responses are important in understanding immunity 

to B. pertussis. Infection of mice with disruptions in genes encoding IL-4 (IL-4'^') 

or the IFN-y receptor (IFN-yR '̂ ’) with B. pertussis provide evidence of a role for 

T h l cells in protection. Primary infection was not significantly different in IL-4'^‘ 

and wild type mice and the clearance of secondary infection was enhanced in IL- 

4' '̂ mice, suggesting that IL-4 is not essential for protection (Mahon et al., 1997b; 

Mills et al., 1998b). The demonstration of B. pertussis in the liver and blood, 

together with pathological changes (areas of pyogranulomatous inflammation in 

liver, infiltrates of macrophages and neutrophils in lumen of the lungs and 

alveolar septae) in the liver and other organs of infected IFN-yR’̂ ’ mice indicate 

an important role for IFN-y in the localization o f B. pertussis infection to the 

lungs of immunocompetent mice (Mahon et al., 1997b). Although there was no 

significant difference in bacterial clearance in IFN-yR'^' mice compared to 

wildtype 129Sv/Ev mice in primary infection (Mahon et al., 1997b), the rate of 

clearance was dramatically reduced following secondary infection and in those 

primed with Pw (Mills et al., 1998b). Other studies in IFN-y’̂ ' mice revealed a 

more protracted course o f infection compared to wildtype BALB/c mice (Barbie 

et al., 1997).

It has been shown that respiratory infection or immunization of mice with 

Pw selectively primes T h l cells, which secrete IL-2 and IFN-y. These T hl 

cytokines are strong activators of antimicrobial effector such as macrophages and 

PMN which are critical for the elimination of B. pertussis (Petersen et al., 1992). 

It has been demonstrated by Mahon et al., that IFN-y can reduce the intracellular 

load of B. pertussis (Mahon and Mills, 1999) and this is consistent with other 

studies, which have described an antimicrobial effect for IFN-y (Barbie et al., 

1997; Torre et al., 1994; Torre et al., 1993; Torre et al., 1996b). Immunization of 

mice with Pa induced Th2 cells with the secretion of IL-4 and IL-5 and low
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levels of IFN-y. It appears that there is a bias towards T h l or Th2 responses in 

mice primed with Pw and Pa respectively and this is reflected in the quality if the 

immune response induced in these animals. Mice immunized with the more 

protective T h l inducing Pw, clear bacteria from the lungs within 7 - 1 0  days 

after challenge however complete clearance in mice immunized with Pa is not 

generally observed until 14 days after infection (Mills et al., 1993; Redhead et 

al., 1993). Furthermore addition of IL-12, a key cytokine in the development of 

T h l responses to Pa polarized the T-cell response to the T h l subtype and 

improved its protective efficacy (Mahon et al., 1996).

Infection of naive mice with B. pertussis is accompanied by an 

inflammatory infiltrate in the lungs, with an influx o f macrophages, neutrophils 

and lymphocytes (Khelef et al., 1994; McGuirk et al., 1998). Neutrophil 

infiltration occurs shortly after infection, with a rapid increase in numbers 

observed 5 days after infection. Neutrophil infiltration peaks after 14 days. 

Macrophage influx peaks 5 days after infection but remains at these high levels 

for up to 4 weeks. Lymphocyte infiltration follows a similar pattern to 

macrophages with the majority of infiltrating lymphocytes being of the CD4‘̂ 

subtype. An influx of T cells is also observed early in infection (McGuirk et 

al., 1998). It has been demonstrated that priming with T h l and Th2 inducing 

pertussis vaccines can have a significant effect on the inflammatory response in 

the lungs following infection with B. pertussis. A significant neutrophil influx 

and elevation in IL -ip  production was observed in the lungs of mice immunized 

with the T h l inducing Pw. In contrast, the inflammatory response was 

suppressed in mice immunized with Pa with significantly higher levels of IL-6 

and IL -lra observed. Cellular infiltration was also absent in these mice (McGuirk 

and Mills, 2000b).

1.8.2 Humoral Immunity

There is a large body of evidence suggesting that antibodies play a role in 

protection against B. pertussis functioning either by neutralizing bacterial toxins 

or by enabling bacterial uptake and destruction by macrophages and neutrophils. 

Although it has been reported that children who have been exposed to pertussis
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in the household are less likely to develop severe pertussis infection if they have 

high levels of circulating antibodies to pertussis antigens after immunization, it 

has not been possible to define a level of antibodies against the antigens that 

predicts protection (Cherry et al., 1998b; Storsaeter et al., 1998). While it has 

been shown that passively transferred antibodies to several antigens are capable 

of protecting mice against the effects o f respiratory and intracerebral challenge 

(Kimura et al., 1990; Sato and Sato, 1984; Sato et al., 1981), there have also been 

studies where immunization of animals has failed to provide correlations 

between serum antibody levels to antigens and protection (Roberts et al., 1990; 

Shahin et al., 1990a; Shahin et al., 1990b). Numerous studies in mice have 

demonstrated that immunization with detoxified PT, FHA, PRN, FIM or ACT 

can confer varying levels of protection. While the majority of these studies have 

demonstrated protection with strong antibody production, some have 

demonstrated protection with very low or undetectable antibody responses (Leef 

et al., 2000; Mills et al., 1993). An area of research, which could explain the lack 

of serological correlates for protection, concerns the role of antibodies at mucosal 

surfaces such as secretory IgA and serum IgG which transudate into the lung.

Although studies have demonstrated the protective capacity o f pertussis 

antigens, antibodies against FHA failed to protect in the intracerebral challenge 

and FHA has been regarded as the least protective antigen in the respiratory 

challenge model. It has been suggested that antibody responses to PT alone may 

be sufficient to control pertussis. In studies by Taranger et al., monocomponent 

PT vaccine generated strong antibody responses to PT and demonstrated a highly 

significant correlation between the level of vaccine-induced serum PT IgG and 

protection against pertussis (Taranger et al., 1997; Taranger et al., 2000). Further 

evidence on the role of antibodies was provided by studies using Ig-defective 

mice (Ig’̂ ’). Aerosol exposure results in the development of chronic infection in 

Ig'^' mice with bacteria residing in the lungs for up to 6 months after infection, 

compared to wild type C57/BL6 mice, which cleared bacteria after 8 -1 0  weeks 

(Mahon et al., 1997b). Immunization of Ig'^‘ mice with Pa or Pw showed no 

resolution of the infection and resulted in defective T cell responses as well as 

antibody production. Although this study does not provide concrete evidence of 

the requirement for antibodies in protection, it is supported by a study by Leef et
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al., which showed restoration of protection in 1%'' defective mice after transfer of 

B. pertussis immune B cells (Leef et al., 2000). These studies suggest that B cells 

may have other functions in protection against B. pertussis other than antibody 

production.

Despite the success of pertussis vaccination and the volume of research 

carried out on immunity to B. pertussis, the mechanism of immunity to pertussis 

infection and vaccination remains unclear. In addition, rates of vaccine uptake 

are lower for pertussis vaccines than of other vaccines such as polio and tetanus 

and the use of Pa worldwide is curtailed by high production cost, therefore 

underdeveloped countries rely largely on the use of Pw which is associated with 

a number of adverse reactions. The aim of this study was to examine the 

mechanisms of cellular and humoral immunity to B. pertussis infection using a 

murine respiratory infection model and to evaluate possible mechanisms of 

enhancing the immunogenicity and cost effectiveness of of Pa thereby improving 

the availability of Pa worldwide.
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cfiapter 2 

Materials and Methods.



2.1 Media and buffers

2.1.1 Phosphate buffered saUne (PBS)

80 g Sodium Chloride (NaCl) (Merek)

11.6 g Sodium hydrogen phosphate (Na2HP0 4 ) (Merek)

2 g Potassium dihydrogen phosphate (KH2PO4) (Merek)

2 g Potassium Chloride (KCL) (Merek)

Dissolved in IL  of ddH20 (distilled/deionised water) and pH adjusted to 7.0

2.1.2 Tris buffered saline (TBS)

2.42g Trizma base (Merek)

8.76 g Sodium Chloride (NaCl)

Dissolved in IL  of ddHaO and pH adjusted to 7.3

2.1.3 Bordet Gengou Medium

250 ml ddH20

2.5 ml Glycerol

7.5 g Bordet Gengou Agar (Difco)

The medium was autoclaved, allowed to cool and supplemented with 1 ml 

cephalexin and 50 ml of pre-warmed sterile defibrinated horse blood.

Cephalexin

0.1 g Cephalexin (Sigma) dissolved in ddH^O and filter sterilized

1% Casein

6.0g Sodium Chloride (NaCl)

10 g Casamino Acids (Difco)

Dissolved in IL  of ddH20, pH adjusted to 7.2 and autoclaved at 115°C for 20 

min
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2.1.4 Stainer and Scholte Medium

Basal Medium

10.72 g L- Glutamic acid (monosodium salts) (Sigma)

0.24 g L-Proline (Sigma)

2.5 g NaCl 

0.5 g KH2PO4 

0.2 g KCL

0.3 g Magnesium Chloride (MgCl2.6H20) (Sigma)

0.4 g Calcium Chloride (CaCl2.2H20) (Sigma)

1.525 gTris

Dissolved in IL of ddH20 and ph adjusted to 7.2. The medium was then 

autoclaved at 121°c for 20 min, allowed to cool and 1 ml of supplement added 

per 100 ml of basal medium before use.

Supplement

0.4 g L-Cysteine (dissolved in 1 ml of concentrated HCL) (Sigma)

0.5 g Ferrous Sulphate (FeS0 4 .7 H2 0 ) (Sigma)

0.6 g Ascorbic Acid (Sigma)

0.7 g Nicotinic Acid (Sigma)

1.0 g Glutathione (Sigma)

Dissolved in 100 ml of dd H2O, filter sterilized and stored at 4°C for up to 5 

weeks.

2.1.5 Cell culture medium

Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco) was 

supplemented with 8% heat inactivated (56°C for 30 min) Foetal Calf Serum 

(FCS), lOOmM L- Glutamine (Gibco), 100 )xg/ml streptomycin (Gibco) and 

50^iM 2-mercaptoethanol (Sigma). Complete RPMI was used to culture all cells 

isolated from murine spleens and lymph nodes.
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2.1.6 Diethanolamine BuH'er

97 ml of Diethanolamine (Sigma)

0.1 Magnesium Chloride (MgCl2.6H20) (Sigma) 

2.0 ml of Sodium Azide (NaNa) (Sigma) 

made up to IL  with ddHaO and pH adjusted to 9.8

2.1.7 PBS/BSA/Azide (PBA)

500 ml PBS

2.5g Bovine Serum Albumin (BSA) (Sigma)

0.5 ml Sodium Azide (NaNs) (Sigma)

2.1.8 FACS Buffer

489.5 ml PBS 

10 ml FCS 

0.5 ml 10% NaNs

2.1.9 Sodium Phosphate Buffer

11.8 g N a 2HP04  (Sigma)

16.1 g N aH 2P04  (Sigma) 

made up to IL  with dH20 and pH adjusted to 6.5

2.1.10 Ammonium Chloride Lysis Solution

0.2 g Tris-HCl (Merek)

0.77 g Ammonium Chloride (NH4CI) (Merek) 

dissolved in 100 ml ddH20 and pH adjusted to 7.2
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2.1.11 Formalin Buffered Saline

10 % Formalin in 0.9% Saline

25 ml 40% Formalin

75 ml dHaO

0.9g Sodium Chloride

2.2 Animals

Three strains of mice were used throughout the course of this study; specific 

pathogen free BALB/c, I29Sv/Ev, mutant 129 mice deficient in the IFN-y 

receptor gene (IFN-yR'  ̂) were purchased from Harlan, Bicester, UK. All mice 

were bred and maintained under the guidelines of the Irish Department of Health 

and were 8-12 weeks old at the initiation of each experiment.

2.3 Cell Lines

2.3.1 NKL

Human NK cell line NKL was obtained from Dr. Claire Gardiner and cultured in 

complete RPMI supplemented with 70U/ml recombinant human IL-2 at 37°C 

and 95% humidity in a CO2 incubator. The sells were passaged every 4-5 days 

depending on viability and rate of growth

2.3.2 YAC-1

YAC-1 cells, an NK cell-sensitive lymphoma cell line from ATCC (VA, USA) 

were used in '̂Cr release assays to determine NK cell activity.
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2.4 Antibodies

The specificities and source of monoclonal and polyclonal antibodies used are 

detailed in table 2.1

2.5 Cytokine standards

Murine cytokines were obtained from the Division of Immunobiology in 

National Institute for Biological Standards and Control (NIBSC), Herts, UK and 

from commercial sources as outlined in Table 2.2

2.6 Bacterial strains

Bordetella pertussis Wellcome 28 phase 1 stocks were provided by Keith 

Readhead at the (NIBSC). This strain of bacterium was used in all experiments, 

unless otherwise stated. B. pertussis 338 and a mutant strain of the bacteria 

devoid of FHA (BpM 409) were also provided by Keith Redhead at NIBSC.

2.7 Bacterial Antigens

Heat killed B. pertussis for use in T-cell assays were prepared by incubation of 

cells at 90°C for 20 min. Purified native pertussis toxin (PT), filamentous 

haemagglutinin (FHA), pertactin (PRN) for use in T-cell assays were provided 

NIBSC. Purified filamentous haemagglutinin (FHA) and pertactin (PRN) were 

also provided by Chiron Corporation, Siena, Italy. Detoxified PT (dPT) for use 

in the preparation of acellular pertussis vaccines was provided by Elan 

Pharmacuticals, Dublin, Ireland. PT was inactivated by heating at 80°C for 20 

min. This abolished mitogenic activity prior to use in T-cell assays in vitro. All 

other antigens were used as native preparations without chemical or heat 

inactivation. The third British reference preparation for pertussis vaccine 

(88/522) from NIBSC, was used as the whole cell vaccine in some experiments. 

Vir90 was obtained from Beatriz N. Passerini de Rossi, University of Buenos

46



Aires, Argentina. BCG and BCG expressing the SI subunit of PT (rBCG -SlPT) 

were provided by Luciana C.C Leite, Centre o f Biotechnology, University of Sao 

Paulo, Brazil.

2.8 Preparation of vaccines

2.8.1 Preparation o f acellular pertussis vaccines (Pa)

5|j,g of FHA, and 5)0,g detoxified PT (dPT) were adsorbed to alhydrogel (Pierce) 

and incubated overnight at 4°C with constant agitation. Alternatively, 

commercially available acellular pertussis vaccines (Infanrix) in combination 

with TT and DT were used. Unless otherwise stated, Pa made up of FHA and 

dPT was used in all experiments.

2.8.2 Preparation of whole cell pertussis vaccines (Pw)

Freeze dried preparations of pertussis vaccine (international reference agent 

88/522), obtained from NIBSC, UK, were reconstituted in sterile PBS at a 

concentration o f 4 Units per ml. Alternatively, commercially available whole cell 

pertussis vaccines were obtained from Pasteur M erieux, Paris.

2.9 Immunizations

Mice were immunized intraperitoneally (i.p) with a maximum of 0.3 ml per 

mouse. Mice received 2 immunizations (weeks 0 and 4) and were either 

challenged with B. pertussis by aerosol inoculation or sacrificed 2 weeks after 

the second immunization.
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2.10 Macrophage depletion by Intratracheal Instillation

Clodronate liposomes and PBS liposomes were obtained from Nico Van Roiijen, 

Amsterdam, The Netherlands. Mice were anaesthetized and administered with 

200|J,1 of the appropriate liposome preparation intratracheally (i.t.) every 7 days 

over the course of the study.

2.11 NK cell depletion

Anti asailo ganglio-N-tetraosylceramide (A sailo-G M l) antibody was obtained 

from Cederlane Laboratories, for use in NK cell depletion studies. Mice were 

administered with 30 |ig in a volume of 300^1 of anti asailo G M l i.p. every 5 

days over the course of the study.

2.12 Aerosol infection of mice

Mice were infected with B. pertussis using a modified version of the method 

described by Sato et al., (Sato et al., 1980). Bordetella pertussis W ellcome 28 

phase 1 was grown at 37°C under agitation conditions in Stainer-Scholte liquid 

medium (Stainer and Scholte,. 1971). Bacteria from a 48 hr culture were 

concentrated by centrifugation to 2 x 10^°/ ml in physiological saline containing 

1% casein. In all experiments mice were challenged by whole body exposure for 

15 min to the challenge inoculum using a nebuliser directed into a chamber 

containing groups of 20 -  30 mice. Four mice from each experimental group 

were sacrificed four hrs after aerosol challenge and at various other times to 

assess the number of viable bacteria in the lungs.

2.13 Enumeration of viable bacteria in lung

Lungs were removed aseptically and homogenised in 1 ml of sterile PBS 

containing 1% casein on ice. 100 ^1 of neat or serially diluted homogenate were
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plated out on Bordet-Gengou plates and incubated at 37°C for 4 days. The 

numbers of colony forming units (CFU) were estimated. Results are given as the 

mean number of B. pertussis CFU for individual lungs from four mice from each 

experimental group.

2.14 Enumeration of viable bacteria in liver and blood

Liver were removed aseptically and homogenised in 1 ml of sterile PBS 

containing 1% casein on ice. Blood was isolated via retro-orbital bleed and 

collected in eppendorfs containing 10 )xl IM  ethylenediaminetetraacetic acid 

(EDTA - Sigma). 100 |J,1 of neat homogenate and blood were plated out on 

Bordet-Gengou plates and incubated at 37°C for 4 days. The numbers o f colony 

forming units (CFU) were estimated. Results are given as the mean number of B. 

pertussis CFU for individual livers and blood from four mice from each 

experimental group.

2.15 Broncheoalveolar lavage

The apparatus used for performing broncheoalveolar lavage was constructed in 

the following manner. A catheter was made by inserting 21-gauge needles into 

either end of a tightly fitting nylon tube (internal diameter approximately 1.0 

mm). The plastic lure lock was then cut off one end of the needles with a small 

wire cutter to leave the blunt end for insertion into the reaches. The catheter and 

two 5 ml syringes were then attached to a three-way valve luer lock. M ice were 

sacrificed and the skin carefully cut and pulled back from the thoracic area. The 

rib cage, sternum and tissue overlaying the trachea were then carefully removed. 

Using a 23-gauge needle, a small hole was made in the trachea mid-way between 

the lungs and the larynx, taking care not to pierce the trachea on either side or the 

blood vessels either side of the neck. A cotton ligature was then threaded under 

the trachea using a curved forceps. One of the 5 ml syringes was then filled with 

warm RPMI 1640 supplemented with 2% FCS. The syringe was re-attached to
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the three-way valve and the catheter filled with medium. The catheter was 

inserted into the trachea and secured into position by tightly tying the cotton 

ligature. The medium was gently infused into the lungs until they were fully 

inflated (approximately 0.5 ml). The three-way valve was turned and the fluid 

withdrawn into the empty syringe. The procedure was repeated until 5 ml of the 

medium had been infused and withdrawn. Alveolar lavage fluid was then 

transferred to a 10 ml tube and placed on ice. BAL fluid was centrifuged at 1200 

rpm for 5 min. BAL cells were resuspended in RPMI (8% FCS) and a viable cell 

count was performed. BAL fluid was concentrated using a centricon-10 

(Amicon) according to manufacturers’ instructions and stored at -70°C  until 

required.

2.16 Peritoneal lavage

Peritoneal exudate cells were recovered from the peritoneal cavity of mice using 

a lavage technique. 5 ml of cold FCS free RPM I-1640 medium was injected into 

the peritoneal cavity using a 5 ml syringe and a 23-gauge needle. The medium 

was removed with the syringe and the cells harvested. The cells were centrifuged 

at 1200 rpm for 5 min, counted and diluted to the required concentration in 

supplemented RPMI.

2.17 Assessment of cell viability

A staining solution was prepared by dissolving 0.1 mg of Acridine Orange 

(Sigma) and 0.1 mg of Ethidium Bromide (Sigma) in 100ml of PBS and stored at 

4°C. To assess cell viability, 490 |il of stain was mixed with 10 )0,1 of cells 

suspension and placed in haemocytometer. The number of viable cells (green) 

and non-viable cells (orange) were counted using a UV microscope.
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2.18 Detection of T cell Cytokines

Spleen (2 x 10^) or lymph node (1 x 10^) cells were stimulated with B. pertussis 

antigens, mitogens (positive controls) or medium alone (negative control). 

Supernatants were removed after 72 hrs for analysis of IL-4, IL-5 and IFN-y 

concentrations. The concentrations of IL-4, IL-5 and IFN-y. were measured by 

enzyme linked immunosorbent assay (ELISA) using antibodies described in table 

2.1. Cytokine specific capture antibodies (50 |xl/well at l|Xg/ml) were added to 

96-well microtitre plates and incubated overnight at 4°C. The plates were 

washed 4-5 times with wash buffer (PBS/0.05% Tween 20) and then incubated 

with 200 |j,l/well of blocking buffer (PBS supplemented with 10% w/v of dried 

milk (Marvel®) at room temperature for 2 hrs to block non specific binding sites. 

Following washing, plates were incubated overnight at 4°C with 50)xl/well of the 

test supernatant of the corresponding cytokine standard. The plates were then 

washed and incubated with 50 [il/well of a biotinylated anti-cytokine antibody at 

l|J.g/ml in PBS at room temperature for 1 hr. After washing, the plates were 

incubated for 20 min at room temperature with 50 |a,l/well of extravidin alkaline 

phosphotase at a 1/2500 dilution in PBS. Finally, after washing, the plates were 

incubated with 100 ^ll/well of p-nitrophenyl phosphate (p-NPP) (Sigma) 

substrate at 1 |o.g/ml in IM diethanolamine buffer (Sigma). The O.D value of test 

samples and cytokine standards were measured at 405 nm using a microtitre plate 

reader and cytokine concentrations for test samples determined after reference to 

a standard curve prepared from recombinant cytokines of known concentration 

and potency.

2.19 Determination of serum IgG antibody levels

Serum samples were prepared from peripheral blood removed from the thoracic 

cavity of mice after sacrifice. Blood was allowed to clot for 2 hrs at room 

temperature and then placed at 4°C for 2-4 hrs. Serum was transferred into fresh 

tubes and stored at -20°C. The levels of antigen specific IgG antibodies in sera of 

naive, immunized or infected mice was determined by ELISA. PT, FHA (1
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|0.g/ml in PBS) or B. pertussis  sonicate (5 |lg/m l in PBS) was added to 96-w ell 

microtitre plates and incubated overnight at 4°C. Excess antigen was washed 

with wash buffer (PBS/0.05% Tween 20) and non specific binding sites were

blocked by incubating the plates with PBS supplemented with 10% w/v o f dried
0<)milk (Marvel ) for 2 hrs. Sera were serially diluted in PBS on the washed plates 

to determine the endpoint litres starting at a dilution o f 1/50 or 1/100. The plates 

with serum samples were incubated overnight at 4°C. After washing, plates were 

incubated for Ihr at room temperature with 50 |xl/well o f an alkaline phosphotase 

conjugated rat anti-mouse IgG monoclonal antibody (Sigma) (1/1000 dilution in 

PBS/2% PCS), with specificity for the w hole IgG m olecule. The plates were 

then washed and incubated with 100 |xl/well o f p-NPP in diethanolamine buffer. 

The absorbance was measured at 405 nm. Results are expressed as logio 

endpoint antibody titres determined by extrapolation to the OD405nm value o f the 

control serum for naive mice.

2.20 Determination of serum IgG isotvpe levels

Serum samples were prepared from peripheral blood removed from the thoracic 

cavity o f mice after sacrifice. Blood was allowed to clot for 2 hrs at room  

temperature and then placed at 4°C for 2-4 hrs. Serum was transferred into fresh 

tubes and stored at -20°C. The levels o f antigen specific IgG antibodies in sera o f  

naive, immunized or infected mice was determined by ELISA. PT, FHA (1 

)j,g/ml in PBS) or B. pertussis  sonicate (5 M-g/ml in PBS) was added to 96-w ell 

microtitre plates and incubated overnight at 4°C. Excess antigen was washed 

with wash buffer (PBS/0.05% Tween 20) and non specific binding sites were 

blocked by incubating the plates with PBS supplemented with 10% w /v o f dried 

milk (Marvel®) for 2 hrs. Sera were serially diluted in PBS on the washed plates 

to determine the endpoint titres starting at a dilution o f 1/50 or 1/100. The plates 

with serum samples were incubated overnight at 4°C. After washing, plates were 

incubated for Ihr at room temperature with 50 |0,l/well o f a 1/10,000 dilution of  

either biotin conjugated IgG2a or IgG l. The plates were then washed and 

incubated with 100 |xl/well o f Tetramethylbenzidine (TMB). The enzymatic
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reaction was stopped with IM  H2SO4. The absorbance was measured at 450 nm. 

Results are expressed as logio endpoint antibody titres determined by 

extrapolation to the OD450nm value of the control serum for naive mice.

2.21 Determination of local IgA antibody levels

Lung homogenate samples were prepared from lungs of mice removed from the 

thoracic cavity after sacrifice. The levels of antigen specific IgA antibodies in 

lung of naive, immunized or infected mice was determined by ELISA. PT, FHA 

(l^ig/ml in PBS) or B. pertussis sonicate (5 jxg/ml in PBS) was added to 96-well 

microtitre plates and incubated overnight at 4°C. Excess antigen was washed 

with wash buffer (PBS/0.05% Tween 20) and non-specific binding sites were 

blocked by incubating the plates with PBS supplemented with 10% w/v of dried 

milk (Marvel®) for 2 hrs. Lung homogenates were serially diluted in PBS on the 

washed plates to determine the endpoint titres using an dilution of 1/10. The 

plates were incubated overnight at 4°C. After washing, plates were incubated for 

Ihr at room temperature with 50 )j,l/well of anti-mouse IgA monoclonal antibody 

(1/1000 dilution in PBS /  2% FCS). Plates were then washed and incubated for 

20 min at room temperature with 50 |xl/well of extravidin alkaline phosphatase at 

a 1/2500 dilution in PBS. The plates were then washed and incubated with 100 |J,1 

of p-NPP in diethanolamine buffer. The absorbance was measured at 405 nm. 

Results are expressed as logio endpoint antibody titres determined by 

extrapolation to the OD405nm value of the control naive lung homogenate.

2.22 Detection of IL-12 by immunoassay

IL-12 was detected by immunoassay, using commercially available antibodies 

specific for IL-12 p70 subunits. 96-well microtitre plates were coated overnight 

at 4°C with 50 |il/well of a purified anti-IL-12p70 monoclonal antibody (4 

|j,g/ml). After washing, non-specific binding sites were blocked with PBS 

supplemented with 5% sucrose for 2 hrs at room temperature. Plates were 

washed, 50 |xl/well of test supernatant (diluted 1/2 in 1% BSA) or serially diluted 

IL-12 standard (0-1500 pg/ml) was added and plates were incubated overnight at
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4°C. Plates were washed and incubated with 50 |xl/well o f IL-12 p70 detection 

antibody (400 ng/m l) diluted in 1% BSA for 1 hr at room  tem perature the plates 

were then w ashed and incubated w ith 1/200 dilution o f streptavidin horseradish 

peroxidase in 1%BSA. A fter washing, plates w ere incubated with 100 )0,1 TM B. 

The enzym atic reaction was stopped with 50 |J,1 IM  H2SO4. A bsorbance was read 

at 450 nm and cytokine concentrations in the test supernatants was determ ined 

with reference to a standard curve prepared using m urine recom binant IL-12 

standard o f known concentrations.

2.23 Detection of IL-10 by immunoassay

M urine IL-10 concentrations were determ ined by specific im m unoassay using 

m atched antibody pairs (Table 2.1) as recom m ended by the m anufacturers. 96- 

well m icrotitre plates were coated overnight at 4°C  with 50 |j,l/well anti m ouse 

IL-10 capture antibody (2 jxg/ml in PBS). A fter washing, non-specific binding 

sites were blocked with PBS supplem ented w ith 5 % sucrose for 2 hrs at room 

tem perature. Plates were washed, 50 |xl/well o f test supernatant (diluted 1/2 in 

1% BSA) or serially diluted IL-10 standard (0-2000 pg/m l -  Table 2.2) was 

added and plates were incubated overnight at 4°C. Plates were w ashed and 

incubated w ith 50 |il/w ell o f IL-10 detection antibody (400 ng/m l) d iluted in 1% 

BSA for 1 hr at room  tem perature the plates w ere then w ashed and incubated 

with 1/200 dilution o f streptavidin horseradish peroxidase (Pharm ingen) in 1% 

BSA. After washing, plates were incubated w ith 100 |il TM B. The enzym atic 

reaction was stopped with 50 |0,1 IM  H2SO4. A bsorbance was read at 450  nm  and 

cytokine concentrations in the test supernatants was determ ined w ith reference to 

a standard curve prepared using m urine recom binant IL-10 standard o f known 

concentrations.

2.24 Detection of chemokines by immunoassay

The chem okines M lP - la  (CCL3), M IP-1 (CCL4), M lP-2 and RA N TES (CCL5) 

w ere detected using com m ercially available antibodies. 96-w ell m icrotitre plates
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were coated overnight at 4°C with 100 |xl/well o f specific capture antibody (1 

Hg/ml). A fter washing, non-specific binding sites were blocked for 2 hrs at room 

tem perature with 200 )a,l blocking solution (1% BSA in PBS). Plates were 

w ashed, 50 |il/w ell o f test supernatant or serially diluted chem okine standard (0- 

5000 pg/m l in RPM I) was added and plates were incubated overnight at 4°C. 

A fter w ashing plates were incubated with 100 |a.l/well o f b iotinylated detection 

antibody (0.2 (xg/ml in TBS) for 1 hr at 37°C. Plates w ere then w ashed and 

incubated for 15 min at 37°C with 100 |xl/well o f streptavidin-H R P (1/1000 in 

PBS 0.5%  Tw een 20 / 1%BSA). A fter washing chem okine concentrations were 

evaluated by adding 100 |i,l/well o f TM B to the plates. The colour reaction was 

allow ed to develop for approxim ately 20 min after w hich tim e 50 )il/well o f IM  

H 2 SO 4 was added to stop the enzym e reaction. A bsorbance was read at 450 nm 

and cytokine concentrations in the test supernatants was determ ined with 

reference to a standard curve prepared using m urine recom binant IL-10 standard 

o f know n concentration.

2.25 Detection of MCP-1 by immunoassay

M urine M CP-1 (CCL2) concentrations were determ ined by specific 

im m unoassay using m atched antibody pairs (Table 2.1) as recom m ended by the 

m anufacturers. 96-well m icrotitre plates were coated overnight at 4°C  w ith 100 

|L il/w ell o f specific capture antibody in sodium  phosphate buffer. A fter washing, 

non-specific binding sites w ere blocked for 1 hr at room  tem perature with 2 0 0  |xl 

assay diluent (10% BSA in PBS). Plates were w ashed, 100 jxl/well o f test 

supernatant or serially diluted M CP-1 standard (0-1000 pg/m l in assay diluent) 

was added and plates were incubated overnight at 4°C. A fter w ashing plates were 

incubated w ith 100 nl/w ell o f M CP-1 detection antibody (400 ng/m l in PBS) for 

1 hr at room  tem perature. Plates were washed and M CP-1 was detected by 

adding 100 |al/well o f TM B to the plates. The colour reaction was allow ed to 

develop for approxim ately 20 min after which tim e 50 ^il/well o f IM  H 2 SO 4  was 

added to stop the enzym e reaction. A bsorbance was read at 450 nm  and cytokine 

concentrations in the test supernatants was determ ined with reference to a
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standard curve prepared using murine recombinant M CPl of known 

concentration.

2.26 Detection of human IFN-y by immunoassay

96-well microtiter plates were coated overnight at 4°C with 50 |0,1 of purified 

IFN-y coating antibody (l|j,g/ml in PBS). After washing, non-specific binding 

sites were blocked by incubating plates for 2 hours at room temperature with 200 

ji.l/well of blocking solution (PBS supplemented with 10% w/v of dried milk 

(Marvel®)). Plates were washed and incubated overnight at 4°C with 50 |j,l/well 

of test supernatant or serially diluted IFN-y (0-200ng/ml in RPMI). After 

washing, 50 |xl/well of biotinylated detection antibody (1 |J-g/ml in PBS) was 

added and plates were incubated at room temperature for 1 hr. Finally, plates 

were washed and cytokine levels in the supernatants and standards were detected 

by incubating plates for 20 min at room temperature with 100 |J,l/well alkaline 

phosphatase conjugated extravidin (1/2500 dilution in PBS) followed by 100 

|xl/well of p-NPP substrate in diethanolamine. Absorbance was read at 405nm 

and cytokine concentrations in test supernatants were derived from standard 

curves prepared for recombinant human cytokines of known concentration.

2.27 Flow Cytometry Analysis

Cells present in the lavage fluid recovered from infected mice determined by 

immunofluorescence analysis with antibodies srecific for various leukocyte 

subpopulations. Cells were washed, re-suspended in PBA and transferred to 

FACS tubes (Falcon). Non-specific binding was prevented by incubating the 

cells with 2% normal mouse serum (Biological Labs, Ballina, Co. Mayo) for 30 

min on ice. The cells were stained with C D llc  -  FITC, PAN-NK-PE, RB-6- 

FITC, CD3-FITC (PharMingen) or F4-80-FITC (Serotec) for 30 min on ice. 

Cells incubated with an isotype matched directly conjugated antibody with 

irrelevant specificity acted as a control. Stained cells were fixed with 4% 

formaldehyde solution and immunofluorescence analysis was performed on a
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FACScan. The results were analysed using CELLQuest^M software using a 

FACScan’’̂’̂  flow cytometer (Becton-Dickson, San Jose, CA). The FACScan was 

calibrated using the Autocomp software in conjunction with comm ercially  

prepared fluorescent beads (Calibrate beads, Becton-Dickson). 30,000 cells were 

analysed per sample.

2.28 Detection of intracellular cytokines by FACS analysis

IFN-y producing cells from the lungs o f infected mice were detected by flow  

cytometry using a FACScan™ flow cytometer (Becton-Dickson, San Jose, CA). 

The FACScan was calibrated using the Autocomp software in conjunction with 

commercially prepared flouresscent beads (Calibrate beads, Becton-Dickson). 

Lungs were set up as single cell suspension my passing lung tissue through cell 

strainers (70 |0.M). The lysate was collected, red blood cells were lysed using 

0.85% Ammonium Chloride solution and a viable cell count was performed. 

Cells (Ix loV m l) were stimulated with PMA (1 |0,g/ml), lonom ycin (1 [Ag/ml) 

Brefeldin A (10 |ig/m l) for a minimum o f 4  hrs at 37°C /  5% C 0 2 . Brefeldin A is 

a fungal metabolite, which disrupts the structure and function o f the golgi 

apparatus and prevents the secretion o f cytokines from cells. Cells were 

centrifuged for 3 min at 4000 rpm and supernatant removed. Non-specific  

binding was prevented by incubating the cells with 50% FCS, diluted in FACS 

buffer for 10 min on ice. Cells were washed with FACS buffer, resuspended in 

100 nl o f a 1/50 dilution o f antibodies specific for surface markers in FACS  

buffer and incubated on ice for 45 min. Cells were then washed and fixed with 50  

1̂ o f  fixation medium (Fix & Perm Cell Permeabilization Kit, Caltag 

Laboratories) for 15 min. After washing, cells were stained with 50 |0.1 o f a 1/10 

dilution o f anti-mouse IFN-y-FITC or IFN-y-PE in permeabilization medium (Fix 

& Perm Cell Permeabilization Kit, Caltag Laboratories) and incubated at room  

temperature for 15 min. Cells were washed, re-suspended in 250 |il FACS buffer 

and immunofluorescence analysis was performed using CELLQuest''^^ software. 

10,000 cells were analysed per sample.
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2.29 Detection of NK cell activity via chromium release by Yak cells

Spleen cells (2 x 10  ̂ / ml) from mice were set up in 6 well plates, 3 ml / plate 

either alone or with 500U/ml of human recombinant IL-2 and incubated for 3 

days. After incubation, cells were harvested, washed and set up as effector cells. 

YAC-1 cells were labelled with 5MBq of Cr^  ̂ (Amersham, UK) for 1 hr at room 

temperature with mixing every 15 min. After this time, these target cells were 

washed with medium and set up in 96-well U bottom plates at a concentration of 

5 X 10  ̂cells / well. The effector cells (fresh or lymphokine activated killer LAK 

cells) were set up in the wells at effector to target ratios of 100, 50 and 25. 

Spontaneous release wells had no effector cells added while maximum release 

wells had 1% Triton X-100 added. The plates were spun for 1 min at 1000 rpm 

and then incubated at 37°C for 4 hrs. Following incubation, plates were spun at 

1500 rpm for 2 min and 25 )il were transferred to a 96 well plate. 150 |0,1 of 

scintillant (Optiphase ‘SuerMix’) was added to the plate. The plate was sealed 

and mixed well before reading on the counter (Trilux 1450 microbeta, Wallac / 

Perkin Elmer). The % lysis was calculated as

Test count -  Spontaneous count ^

Maximum count - Spontaneous count

2.30 Statistical Analysis

Statistical Analysis was performed using the computer based mathematical 

package InStat. Statistical differences in mean antibody, cytokine and chemokine 

concentrations and bacterial load were determined by Analysis of Variance 

(ANOVA) or unpaired T test.
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Table 2.1 Origin and specificity of antibodies

Antibody Conjugate Clone Supplier
Specificity___________________________________________________

Mouse IFN-y Purified RA-6A2 PharMingen

Mouse IFN-y Biotin XMGL2 PharMingen

Mouse IL-4 Purified 11-B-lI

Mouse IL-4 Biotin BVD6-24G2 PharMingen

Mouse IL-5 Purified TRFK5 PharMingen

Mouse IL-5 Biotin TRFK4 PharMingen

Mouse IL-12p70 Purified - R&D

Mouse IL-12p70 Biotin - R&D

Mouse IL-IO Purified - R&D

Mouse IL-10 Biotin - R&D

Mouse M IP-Ia Purified - R&D

Mouse M IP-la Biotin - R&D

Mouse M IP-lp Purified - R&D

Mouse M IP-ip Biotin - R&D

Mouse MIP-2 Purified - R&D

Mouse MIP-2 Biotin - R&D

Mouse RANTES Purified - R&D

Mouse RANTES Biotin - R&D

Mouse MCP-1 Purified - PharMingen

Mouse MCP-1 Biotin - PharMingen

Mouse IgG Biotin - Sigma

Mouse IgGl Biotin - PharMingen

Mouse IgG2a Biotin - PharMingen

Mouse IgA Biotin - PharMingen

Human IFN-y Purified PharMingen

Human IFN-y Biotin PharMingen
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Table 2.2 Origin of recombinant cytokines

Cytokine_____________________________ Source

Murine IFN-y NIBSC, Herts, UK

Murine IL-4 NIBSC, Herts, UK

Murine IL-5 PharMingen, USA

Murine IL-6 NIBSC, Herts, UK

Murine IL-10 Biosource International Inc,

Murine IL-12 Stanley Wolf, Genetics Institute

Inc., USA

Murine M IP -la R&D Systems, UK

Murine M IP-ip R&D Systems, UK

Murine MIP-2 R&D Systems, UK

Murine RANTES R&D Systems, UK

Murine MCP-1 PharMingen, USA
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chapter 3

‘Uaccine Indiuxd Immunity to 
(B. pertussis.



3.1 Introduction

Despite the numerous experimental and clinical investigations on the 

induction and expression of immune responses against B. pertussis in recent 

years, the mechanisms underlying protection are still not completely understood. 

Nevertheless, research to date has improved our understanding of the disease and 

has contributed to the development of less reactogenic vaccines. Until recently, 

protection against the whooping cough was based on the use of whole cell 

pertussis vaccines (Pw) composed of killed B. pertussis. However, acellular 

pertussis vaccines (Pa), consisting of PT and different combinations of B. 

pertussis virulence factors have been developed to replace Pw. Recent clinical 

trials have demonstrated that Pa can confer protection against pertussis infection 

in varying degrees (Ad Hoc Group for the Study of Pertussis Vaccines, 1988; 

Greco et al., 1996; Gustafsson et al., 1996; Simondon et al., 1997), with 

efficacies ranging from 59 % to 93 %. Vaccines differed in their composition, 

which makes comparisons between vaccines difficult. Even for similar vaccine 

formulations, the method of detoxification of PT may differ (Xing et al., 1999), 

therefore the quality control of Pa presents problems. Pa have been introduced in 

most developed countries and have significantly reduced the adverse reactions 

associated with Pw. Early waning of humoral immunity has been consistently 

reported in children immunized with Pa (Cassone et al., 1997; Salmaso et al., 

1998), however Ryan et al., and others have shown that cell mediated immunity 

induced by Pa persisted in children up to 20 months of age (Ausiello et al., 1998; 

Ryan et al., 1998b). Other studies by Ausiello et al., have shown cell mediated 

immunity to wane by 4 years of age (Ausiello et al., 1999).

Currently, there is no satisfactory method available for monitoring potency 

of acellular vaccines. The murine intracerebral (i.e.) challenge test (Kendrick test) 

has been the accepted method for assessing potency of Pw for many years 

(Kendrick, 1947). However, this test has drawn criticism because of its variability 

and its anatomical unrelatedness to the natural site of infection (Preston and 

Stanbridge, 1976). Furthermore, the use of the i.e. test to evaluate the potency of 

Pa has generated conflicting results and vaccines which failed to meet the potency 

requirements of the conventional i.e. test, achieved satisfactory clinical
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performance (Robinson and Funnell, 1992). M urine respiratory infection with B. 

pertussis, in particular by aerosol challenge, resembles natural infection in many 

ways including infection route, age dependency and severity of disease, duration 

of clinical symptoms and acquired immunity to infection (Sato et al., 1980). This 

model has been used by many research groups for evaluating the protective 

capacity and immunogenicity of B. pertussis antigens (Kimura et al., 1990; Oda et 

al., 1984; Weiss and Goodwin, 1989) and it has been suggested that this model 

has potential for use as a potency test for Pa (Xing et al., 1999). Furthermore, the 

clearance of bacteria from the lungs of mice immunized with Pa and Pw and 

challenged with B. pertussis by an respiratory infection correlated with estimated 

vaccine efficacy in children (Mills et al., 1998b)

Although Pa are a significant improvement on Pw, they require multiple 

doses to achieve maximum efficacy and high production costs limits their 

widespread use in developing countries. The development of a low cost pertussis 

vaccine that immunizes efficiently with only 1 dose would be beneficial for 

developing countries where difficulties in access to health centres hinders 

vaccine uptake. The use of viral or bacterial carriers for heterologous antigen 

presentation, such as vaccinia virus. Salmonella and Mycobacterium bovis BCG 

(Bacille Calmelle-Guerin) has been explored in an effort to reduce the number of 

doses required for immunization. M. bovis BCG is the most widely used live 

vaccine having been administered as an anti-tuberculosis vaccine to over 3 

billion individuals, is generally considered safe, can be administered at or any 

time from birth and is substantially less expensive than most other vaccine 

formulations. A pertussis vaccine based on recombinant BCG (rBCG) could, in 

theory, improve general immunization and since BCG can be administered at 

birth and only requires one dose to induce long lasting immunity rBCG 

expressing pertussis antigens could induce protective immunity against B. 

pertussis. Nascimento et al., have developed rBCG expressing the SI subunit of 

PT which has been shown to be immunogenic and protective in experimental 

animals (Locht et al., 1987; Nicosia and Rappuoli, 1987). They showed that the 

recombinant BCG strain expressing the SI subunit of PT in fusion with the M. 

fortuitum  P-lactamase signal sequence induces cellular and proliferative
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responses against PT and protects immunized mice against an i.e. challenge with 

B. pertussis (Nascimento et al., 2000).

B. pertussis undergoes phenotypic changes genetically modulated by the 

vir/bvgkS  locus (Arico et al., 1991), which positively regulates the expression of 

many proteins, some of which are associated with bacterial virulence and

immunogenicity (Weiss et al., 1996, Weiss and Hewlett, 1986, Knapp et al.,

1988). All virulence factors of B. pertussis, with the exception of TCT are 

regulated by the bvgAS locus. The identification of virulence associated outer 

membrane proteins (OMP’s) in B. pertussis is important since they are active 

components of Pw and are candidates for inclusion in Pa (Poolman et al., 1990). 

The B. pertussis 32 kDa and 92 kDa OMP’s have been identified as TcF and vag 

8 (Passerini de Rossi et al., 1999) and have been shown to be important

protective antigens in the i.e. mouse protection assay (Hamstra et al., 1995).

Other OMP’s of B. pertussis have been associated with the virulent phenotype of 

the bacteria but their identity has not been completely established. Passerini de 

Rossi et al., have identified a 90 kDa virulence associated OMP which they have 

named vir90 (Passerini de Rossi et al., 1999), however the protective efficacy of 

vir90 in the respiratory challenge model has not been established.

This chapter addresses the immune response induced by Pa and Pw, the 

persistence of the immune response over a prolonged period and the role of 

memory T and B cells in long-term immunity to B. pertussis. The murine 

respiratory challenge model was used to determine whether the newly identified 

OMP, vir90 is immunogenic and a possible candidate for inclusion in the 

acellular pertussis vaccine and whether the recombinant BCG vaccine expressing 

the SI subunit of PT (rBCG-SlPT) could protect against respiratory infection 

with B. pertussis. The ability of the aerosol challenge model to distinguish Pa 

vaccines of different quality and quantity was examined.
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3.2 Results

3.2.1 Course of infection in lungs of mice immunized with Pa or Pw and

challenged with B. pertussis.

One of the most effective methods of examining the protective capacity 

of pertussis vaccines is to examine bacterial clearance in lungs after infection. In 

a naive mouse, bacteria multiply in the lungs, peaking at 7-10 days after 

infection. Bacterial numbers then slowly decline and are undetectable in the 

lungs 5 weeks after infection. Immunization with Pa and Pw dramatically 

reduces the course of infection in mice. In mice immunized with the Thl 

inducing Pw, bacteria are undetectable 10 days after infection however a 

complete clearance is not observed in mice immunized with the Th2 inducing Pa 

until day 21. Furthermore, in Pa immunized mice following an initial decline in 

bacterial numbers in the lungs, bacterial load increased 7 - 1 0  days after 

infection and was cleared by 21 days (Figure 3.1).

3.2.2 Immunization with Pw induces Thl response whereas immunization

with Pa induces Th2 responses in mice.

The immune response induced by Pw and Pa was examined after i.p. 

immunization of BALB/c mice twice at 4-week intervals with 0.2 human dose of 

Pa (Infanrix), Pw (Pasteur Merieux). Mice immunized with PBS served as 

controls. Two weeks after the second immunization mice were sacrificed and 

spleen, serum and lungs were isolated. Spleen cells (2xl0^/ml) were stimulated 

with B. pertussis antigens PT, FHA and sonicated B. pertussis for 72 hours and 

the T cell cytokine production was evaluated by ELISA (Figure 3.2). 

Immunization of mice with Pw induced T cells that produced moderate levels of 

IFN-y and no IL-5, a profile characteristic of Thl cells. In contrast, immunization 

with Pa, induced a mixed Thl/Th2 response with the production of both IFN-y 

and IL-5. This cytokine profile is consistent with that observed in children after 

immunization with Pa (Ausiello et al., 1997; Ryan et al., 1997a; Ryan et al., 

1998b). Antibody responses to killed B. pertussis, FHA and PT were quantified
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in the senim and the lung. Both Pa and Pw induced high levels of B. pertussis -  

specific IgG in the serum in response to specific antigens. FHA and PT are 

components of the acellular vaccine and strong antibody responses to these 

antigens were observed in Pa vaccinated mice (Figure 3.3). In addition, the IgG 

produced were of the IgGl subclass with lower levels of IgG2a, a profile 

compatable with Th2 responses (Figure 3.4). In contrast, serum antibody 

responses to Pw were predominantly of the IgG2a isotype, characteristic of a Thl 

type response. No antibody was produced against PT in mice immunized with 

Pw (Figure 3.3 & Figure 3.4), as PT is known to be poorly expressed in the 

Pasteur Merieux Pw. Local production of IgA in the lungs was also evaluated 

and no response was detected after parenteral immunization with either Pa or Pw.

3.2.3 Immunity generated by Pa persists 90 weeks after immunization.

In recent years, Pa have become widely used throughout the developing 

world as the main type of vaccine used to combat pertussis infection. Due to their 

recent development, little is known about the duration if immunity generated by 

Pa and the nature of the long-term immunity. In order to examine the persistence 

of the immune response to Pa over time and to establish if the dichotomy of the 

Thl/Th2 responses detected in mice at 6 weeks persisted over a more prolonged 

period after in vivo priming, immune responses were evaluated 90 weeks after 2 

immunization. IL-5 and IFN-y production was detected in antigen stimulated 

spleen cells from Pa immunized mice; demonstrating a mixed Thl/Th2 response 

induced by vaccination (Figure 3.5) similar to that observed 6 weeks after 

immunization (Figure 3.2). Antibody responses in the lungs and serum were also 

evaluated by ELISA. Moderate levels of IgG were observed in the serum of 

immunized mice (Figure 3.6), however these levels are lower than those 

observed 6 weeks after immunization (Figure 3.3) -  observations from a 

composite of 2 separate experiments. Other studies have shown undetectable 

antibody levels 44 weeks after challenge (Mahon et al., 2000). This demonstrates 

waning immunity to Pa over a prolonged period of time and suggests that booster
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immunizations may be necessary in early adulthood. In the lung, local IgA was 

undetectable 90 weeks after immunization.

3.2.4 Roles for memory B and memory T cells in long-term immunity

generated by Pa and Pw.

Once it was established that immunity persisted over a prolonged period 

of time, it was decided to examine which components of the immune response 

were contributing to the immunity generated by Pa or Pw. The contribution of 

memory B and memory T cells to immunity was examined using an adoptive 

transfer model. Spleens from mice immunised with Pa, Pw and PBS were 

isolated at 90 weeks. T cells were purified from spleen cells. First, adherent cells 

were removed from total spleen by panning cells onto 90 mm petri dishes for 1 r 

at room 37°C. A T cell enriched population (B cell depleted) was generated by 

passing the cells through a T cell column (Pierce), which retains any cells 

bearing Fc receptors. The filtrate was examined by FACS analysis and 

determined to be 85% T cells. Purified T cells (2x10^) from Pa and Pw 

immunized mice and total spleen cells (2x10^) from mice immunized with Pa, 

Pw or PBS were adoptively transferred into recipient mice, which had been 

irradiated 48 hrs earlier with a sublethal dose of 6 Gy from a *̂ ’Cs source. Three 

days after adoptive transfer of cells, mice were challenged with B. pertussis by 

respiratory infection and the immune response was evaluated 7 days after 

infection. Lungs were isolated and CFU counts were performed on individual 

lung homogenates (Figure 3.7). Seven days after infection, which is the peak 

infection period in the naive mouse, the dramatic reduction in bacterial counts 

normally observed after immunization with Pa (Mills et al., 1993) was not 

observed. However, a significant decrease in bacterial load was observed in mice 

which received total spleen cells from immune mice compared to PBS, but not in 

those that received purified T cells. This demonstrated the importance of memory 

B cells or other components of the immune system such as macrophages in long

term immunity to B. pertussis.

Spleen cells isolated 1 week after challenge o f adoptively transferred 

mice were stimulated with B. pertussis antigens FHA, PRN, and sonicated B.
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pertussis for 72 hours and IL-5 and IFN-y concentrations in culture supernatants 

were evaluated (Figure 3.8). Cytokine production was seen only in mice that 

received total spleen cells from mice immunized with Pw and this response 

appeared to be skewed toward a Th2 response, with low levels of IFN-y and 

significant levels of IL-5 produced. T cell responses were not detectable in mice 

which received cells from Pa immunized mice. In contrast, serum antibody 

responses to PT, FHA and heat inactivated Bordetella pertussis was observed in 

mice which received total spleen cells from Pa immunized mice. Low levels of 

IgG in response to heat killed B. pertussis was also observed in serum of mice 

which received total spleen cells from mice immunized with Pw (Figure 3.9). 

These results demonstrate that memory T cells alone do not confer protection 

against B. pertussis and reveal a role for memory B cells or other components of 

the immune response in long term immunity.

3.2.5 Vir90 is not protective against respiratory infection and failed to elicit

an immune response

The recently identified 90kDa virulence associated OMP of Bordetella 

pertussis has been identified as a candidate for inclusion in acellular pertussis 

vaccines. We used a respiratory challenge model to examine immunogenicity 

and protective of vir90. BALB/c mice were immunized twice i.p. with 0.04 dose 

of Pa (Infanrix) as a positive control, vir90 (20|ig) adsorbed to alum (Pierce) or 

PBS as a negative control and two weeks after the second immunization were 

challenged with B. pertussis by aerosol exposure. The kinetics of bacterial 

clearance from the lungs was examined by performing CFU counts on individual 

lung homogenates at intervals after infection. Vir90 didn’t appear to have any 

effect on bacterial clearance with the course of infection similar to that in control 

mice (Figure 3.10). Mice immunised with Pa showed complete clearance of 

bacteria 21 days after challenge. Spleens and serum were also isolated 

prechallenge for the evaluation of T cell cytokine and circulating antibody 

responses. Spleen cells (2x10^) were stimulated with a variety of B. pertussis 

antigens and vir90 (1 |Xg/ml, 5 |Xg/ml) for 72 hours and IL-5 and IFN-y
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concentrations in supernatants were determined by ELISA. Pa induced IL-5 

production in antigen stimulated spleen cells (Figure 3.11) and strong antibody 

responses to PT and FHA in the serum (Figure 3.12). However, Vir90 elicited a 

poor immune response, with no cytokine production (Figure 3.11) and little 

antibody production (Figure 3.12). These results suggest that vir90 is not very 

immunogenic and may not be a suitable candidate for inclusion in acellular 

pertussis vaccines.

3.2.6 rBCG expressing the SI subunit of PT does not protect against 

respiratory infection with B. pertussis, despite inducing Thl cytokine 

production.

BCG, the attenuated strain of Mycobacterium bovis, has been widely used 

as a vaccine against tuberculosis and is an important candidate as a live carrier 

for multiple antigens. It had previously been shown that rBCG-SlPT induced 

protection against intracerebral challenge with live B. pertussis in mice 

(Nascimento et al., 2000). With the aim of developing a recombinant BCG 

(rBCG) vaccine against diphtheria, tetanus and pertussis, the potential of rBCG 

expressing PT subunit SI (rBCG-SlPT) to protect against respiratory challenge 

with B. pertussis was analysed. BALB/c mice were immunized twice (i.p.), 4 

weeks apart with 10  ̂ CFU of BCG or rBCG expressing SIPT in 300)J,1 of PBS. 

Positive and negative controls were Pa (Infanrix at 0.2 human dose) and PBS, 

respectively. Spleens and serum were isolated to evaluate the immune response 

to rBCG-SlPT before challenge. Spleen cells were stimulated with sonicated B. 

pertussis, formalin treated B. pertussis and PT and cytokine production was 

evaluated by ELISA. Antibody responses to PT were also evaluated in the serum. 

Spleen cells from rBCG-SlPT vaccinated mice showed elevated B. pertussis -  

specific IFN-y and IL-5 production compared to PBS controls (Figure 3.14). 

rBCG-SlPT induced little humoral response against PT, with IgG produced of 

the IgGl isotype only in a single mouse (Figure 3.15). Two weeks after the 

second immunization, mice were challenged with B. pertussis by aerosol 

exposure. The kinetics of bacterial clearance from the lungs was examined by
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performing CFU counts on individual lung homogenates at intervals after 

infection. Mice immunized with rBCG -SlPT displayed no protection against 

respiratory challenge with little difference observed between mice immunized 

with rBCG -SlPT, BCG and PBS (Figure 3.13). Mice immunized with Pa cleared 

bacteria within 14 days.

3.2.7 The use of the respiratory challenge model to determine potency of

different Pa

The murine respiratory challenge model was assessed for its ability to distinguish 

different Pa, a full strength vaccine from a diluted vaccine and a denatured form 

of the native Pa in a blind study. BALB/c mice were immunized twice either a 3 

component commercial Pa (A), a I/IO dilution of the commercial vaccine (C), a 

denatured form of the commercial vaccine (E), JNIH-3, as a positive control (B) 

and aluminium hydroxide gel as a negative control (D). After completion of the 

experiments, the composition of the vaccines was provided (Table 3.1). Two 

weeks after the second immunization, immune responses were evaluated and 

mice were challenged with B. pertussis by aerosol exposure. The protective 

capacity of the vaccines was examined by performing CFU counts on individual 

lungs recovered at intervals after infection (Figure 3.16). Vaccines A, B and C 

protected against infection with a significant reduction in bacterial load 

compared to the control (D). The numbers of CFU recovered from the lungs 

declined to low levels 3 days after infection and after a rebound on days 7-10, 

returned to low levels or were undetectable in the case if B, 14 days after 

challenge. In contrast, the denatured vaccine (E) showed no protection against 

infection with CFU counts similar to controls.

Before challenge, T cell cytokine responses and circulating antibody 

responses to PT and FHA were evaluated. Spleen cells (2x10^) were stimulated 

with sonicated B. pertussis, FHA and PT and cytokine in the supernatants were 

evaluated after 72 hours (Figure 3.17). Little or no IFN-y was produced by T 

cells from mice immunized with any of the vaccines, which is consistent with 

previous results showing that induces a polarized Th2 response. IL-5 production
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was induced by the 3 intact vaccines, A, B and C. In addition, vaccine C, which 

is a 1/10 dilution of vaccine A, induced much greater IL-5 production than 

vaccine A. The denatured vaccine E did not induce any detectable T cell 

response. 7-14 days after challenge, the pre-existing Th2 response induced by the 

intact vaccines switched to a mixed Thl/Th2 response. Moreover, within 4 hours 

after challenge a rapid increase in T cell cytokine production is observed in mice 

immunized with vaccine E, with the production of both IL-5 and IFN-y (Figure 

3.18). This suggests that the denatured vaccine has the ability to prime T cells but 

further stimulus is required for the production of cytokines. As expected, strong 

antibody responses were induced in response to vaccines A, B, and C. Although, 

vaccine C was a 10-fold dilution of vaccine A, they both induced similar 

antibody levels. However, vaccine E, the denatured vaccine, induced moderate 

antibody levels (Figure 3.19).
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Table 3.1 Composition of vaccines provided by WHO for study of the 

mouse protective model for acellular pertussis vaccines

Sample Code Description Composition

A (commercial) 3-component DTPa 

vaccine

Each 0.5 ml dose contains 25 |xg PT, 

25 FHA, 8 \ig PRN, 25 Lf 

Diphtheria, 10 L f Tetanus with 

aluminium hydroxide as adjuvant.

B JNIH-3, 2-component 

freeze-dried acellular 

pertussis vaccine

7.5ng (PN) PT and 7.5 ng (PN) FHA 

and has a potency of 40 units of 

pertussis vaccine per ampoule (by 

Japanese modified Kendrick test)

C 3-component DTPa 

vaccine

Sample A diluted 1/10 in aluminium 

hydroxide/PBS

D Control Aluminium hydroxide gel 

(aluminium 0.41 ± 0.03mg/ml)

E Denatured 3- 

component DTPa 

vaccine

Sample A heat treated at 121°C for 

22 min
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3.3 Discussion

The introduction of vaccination against acute diseases such as measles 

and pertussis has resulted in a dramatic decline in the prevalence of these 

diseases, and a more gradual rise in the proportion of the population whose 

immunity is derived solely from vaccination. Acquired immunity against B. 

pertussis develops after natural infection and confers long-lived protection 

against subsequent infection. It has been reported that infection with B. pertussis 

induced T cells which are confined to the IFN-y secreting T h l cell population 

and that these T cells play a crucial role in bacterial clearance and in protection 

against subsequent infection via cell-mediated immunity (Hafler and Pohl- 

Koppe, 1998; Mills et al., 1993; Redhead et al., 1993). The first suggestion that 

cell-mediated immunity was required for the resolution of B. pertussis infection 

was reported by Cheers et al., who demonstrated that B. pertussis had an 

intracellular phase and demonstrated delayed hypersensitivity reactions to 

pertussis antigens in infected mice (Cheers and Gray, 1969). It has since been 

confirmed by a number of studies that B. pertussis can invade and survive within 

mammalian cells including pulmonary macrophages (Friedman et al., 1992; 

Hellwig et al., 1999; Masure, 1993; Steed et al., 1991; Torre et al., 1994). In 

addition, B. pertussis has been associated with pulmonary macrophages in 

children with HIV infection. In this study, the recovered bacteria could not be 

grown in culture and appeared to be intracellular (Bromberg et al., 1991).

In this study, an examination of the cellular and humoral responses 

induced by immunization with Pa and Pw revealed that immunization with Pw 

induced IFN-y secreting T h l cells, which have previously been shown to 

stimulate recruitment and phagocytic activity of macrophages and neutrophils 

(Kumaratilake et al., 1991; McGuirk and Mills, 2000b; M osmann and Coffman, 

1989b). In contrast, immunization with Pa induced a mixed T hl/T h2 response. 

This is consistent with T cell induction in children after immunization with Pa 

(Ausiello et al., 1997; Ryan et al., 1998b) and in mice (van den Berg et al., 

2000). However, the majority of previous studies in mice have shown immunity 

generated by Pa to be mediated by Th2 cells (Barnard et al., 1996; M ahon et al., 

1996; Mills et al., 1993). In accordance with other studies on humoral responses
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to pertussis vaccination, immunization with Pa and Pw stimulated the production 

of IgG but not IgA (Thomas et al., 1989; van den Berg et al., 2000) with IgG2a 

being the dominant subclass in mice immunized with Pw and IgG l the dominant 

subclass for Pa. Antibodies function in immunity to B. pertussis either by 

neutralization of bacterial toxins or by enabling bacterial uptake and killing by 

macrophages and neutrophils. The identification of levels of antibodies induced 

after immunization against polio, diphtheria and tetanus that were crucial for 

protection have lead researchers to believe that it may be possible to identify a 

level of protective antibody against B. pertussis. However, with the exception of 

studies on household exposure to B. pertussis (Storsaeter and Gustafson, 1996; 

Storsaeter et al., 1998), analysis of serum antibody responses in clinical trials 

(1988; Ausiello et al., 1999; Cherry et al., 1998b; Mills et al., 1998b) as well as 

data obtained from the murine respiratory challenge model (Barbie et al., 1997; 

Barnard et al., 1996; Mills et al., 1998a) have failed to show a correlation 

between antibody levels and protection. For years, researchers have been 

associating antibody levels with vaccine efficacy, however we show that a 

denatured Pa, which does not protect against respiratory infection, induces potent 

antibody production. Moreover, the denatured Pa did not induce T cell cytokine 

production. This suggests that the ability o f vaccines to induce T cell responses is 

a more realistic marker o f Pa efficacy.

Pertussis remains a significant health problem worldwide, with 

epidemics still occurring in many countries with high vaccine coverage. Natural 

infection induces long-lived immunity to B. pertussis, however, a number of 

studies have shown waning of vaccine induced immunity in children. Although 

the successful implementation of infant immunization programmes has reduced 

the incidence of pertussis in young children, there has been an increase in the 

incidence in adults and adolescents (De Serres et al., 2000; Keitel and Edwards, 

1995; Nennig et al., 1996). In many countries, immunity to diphtheria and 

tetanus is maintained by booster vaccination at 5 -  10 year intervals. Pertussis 

vaccine boosters have not been recommended after 7 years of age, due to the 

high reactogenicity of traditional Pw in older children and the belief that 

pertussis is mild and uncommon in adolescents and adults. Although Pa have 

been used in immunization schedules in the last number of years, the persistence
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of Pa-induced immunity had not been extensively studied past the age of 4 

(Ausiello et al., 1998; Ryan et al., 1998b; Salmaso et al., 1998). One of the 

problems in assessing the persistence of immunity against pertussis is that 

adolescents or adults may have periodic boosting of immune responses due to 

exposure to sub-clinical infection with B. pertussis (Rota et al., 1998). Long-term 

antibody production is one of the hallmarks of effective vaccination and is an 

important characteristic of immunological memory. Using the murine respiratory 

challenge model, we have shown that Pa induced immunity can persist for up to 

90 weeks after immunization, with moderate levels of IgG induced as well as 

mixed T hl/T h2 cytokine production. However, levels are slightly lower than 

those seen 6 weeks after immunization.

Protective immunity can persist, even in the absence o f detectable 

antibody responses, which suggests that the induction of immunological memory 

via the induction of memory B and T cells may be more significant to vaccine 

efficacy than initial circulating antibody response (Mahon et al., 2000). In fact, in 

our adoptive transfer model, we have shown that purified T cells alone cannot 

confer long term protection or induce long term immune responses to Pa or Pw 

indicating that B cells or other components of the immune system is also 

required for long term immunity to B. pertussis. The induction of a T h l response 

after adoptive transfer of spleen cells from mice immunized with Pw is consistent 

with previous reports that T h l cells play an important role in protective 

immunity (Mahon et al., 1997a; Mills et al., 1993; Mills et al., 1998a; Redhead et 

al., 1993). Little antibody production was induced in these mice suggesting that 

Pw protects via cell-mediated immunity, however T cells alone didn’t protect. 

This suggests that T h l cells may mediate immunity through help for anamnestic 

antibody responses. In contrast, adoptive transfer of immune cells from Pa 

immunized mice induced potent circulating antibodies to PT, FHA and PT but no 

T cell cytokine production suggesting that immunity generated by Pa is mediated 

by humoral mechanisms. This is consistent with studies using passive transfer of 

IgG and mice defective in Ig which showed a crucial role for antibody in 

protection against B. pertussis (Mahon et al., 1997a; Mills et al., 1998a). This, 

together with the identification of the dual intracellular - extracellular nature of 

B. pertussis is consistent with other studies which suggested that T h l cells were
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involved in protection against intracellular pathogens through cell-mediated 

immunity, whereas Th2 cells mediated protection against extracellular pathogens 

through stimulation of humoral immunity (Bottomly, 1988; M osmann and 

Coffman, 1989b)

M. bovis BCG is known to induce predominantly T h l type responses, 

and injection of live rBCG expressing foreign antigens has been shown to elicit 

immunity directed towards heterologous antigens. (Grode et al., 2002; Stover et 

al., 1991). Humoral and cellular immune responses against antigens from several 

pathogens by rBCG strains has been reported, such as rBCG expressing antigens 

from HIV (Stover et al., 1993), simian immunodeficiency virus (W inter et al., 

1995), Leishmania major (Abdelhak et al., 1995; Connell et al., 1993) and 

diphtheria (Miyaji et al., 2001). Since BCG is an attenuated intracellular 

bacterium residing in macrophages (Stover et al., 1993) it is expected to be more 

efficient at inducing cellular responses than humoral responses. The role for 

cellular immunity against pertussis has been demonstrated in mouse models 

(Mills et al., 1993), as has the importance of PT in protection (Ryan et al., 1998a; 

Ryan et al., 1997b). Therefore a rBCG vaccine expressing PT may be a useful 

approach for the development of a live recombinant vaccine against pertussis.

A number of groups have examined the immune response elicited by 

rBCG expressing the SI subunit of PT. Abomoelak et al., demonstrated that 

immunity to rBCG expressing Pertussis Toxin -Tetanus Toxiod (PT-TT) hybrid 

protein generated antibodies against TT but not PT, however weak but significant 

cellular responses were produced specific for both TT and PT (Abomoelak et al., 

1999). In another study, rBCG expressing the SI subunit of PT (rBCG -SlPT) 

was shown to induce protection against an intracerebral challenge with live B. 

pertussis. Spleen cells from rB C G -SlPT vaccinated mice showed elevated IFN-y 

and low IL-4 as well as increased proliferation, characterizing a strong antigen 

specific T h l response (Nascimento et al., 2000). These results suggest that rBCG 

expressing pertussis antigens could contribute to an effective, low cost 

combination vaccine against TB and pertussis. In this chapter, we examined the 

protective immunity induced by rBCG -SlPT using a murine model of respiratory 

infection and demonstrated that despite the induction of cell-mediated immunity, 

rB C G -SlPT did not protect against respiratory infection with B. pertussis. The
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expression level of PT was unknown in rBCG-SlPT however the formulation 

was protective in the intracerebral level so it was assumed that the level of PT 

expressed was considered immunogenic. These findings are consistant with those 

of Stover et al., who reported that immunization with rBCG expressing HIV 

antigens induce immune responses against various components of viral antigens. 

However, none of these rBCG vaccines were shown to induce efficient protective 

immunity against HIV infection (Stover et al., 1991).

Studies on the protective efficacy of Pa vaccines and their components 

in murine models and clinical trials have emphasised importance of the inclusion 

of PT a protective antigen, either alone or in combination with FHA or other 

adhesins such as PRN or fimbriae. Results of recent vaccine efficacy trials have 

demonstrated that multicomponent Pa are highly efficacious but mono or 2 

component Pa may be less effective (Plotkin and Cadoz, 1997). Therefore, it 

appears that the more protective antigens included in the vaccine the more 

effective the vaccine. Other possible protective antigens of B. pertussis have 

been overlooked as candidates for inclusion in Pa. Recent studies have 

demonstrated the importance of virulence associated OMPs as protective 

antigens in the i.e. potency test. Poolman et al., showed a correlation between 

the potency of Pw and the presence of 30 and 92kDa OMPs. OMPs are presented 

to the immune system via outer membrane complexes (OMC), however LPS is 

present in these OMCs, which could have an adjuvant effect. In addition, LPS is 

associated with the neurological side effects of Pw (Donnelly et al., 2001; 

Loscher et al., 1998) and is absent from all Pa preparations. Meningococcal outer 

membrane vesicle vaccines, with reduced LPS content are currently under 

development (Bakke et al., 2001; de Kleijn et al., 2000). With the exception of 

32kDa OMP, Hamstra et al., used purified OMPs with low LPS content in 

combination with non-protective levels of PT to examine the protective capacity 

of 30, 32and 92 kDa OMPs in the ic test. It was concluded that the 32kDa was 

protective in the absence of PT, possibly due to the adjuvant effect of LPS, 

however the 92kDa OMP became protective when low levels of PT were added 

(Hamstra et al., 1995).

Previous studies on the protection induced by OMPs have used the i.e. 

model and found protection. In the present study, the murine respiratory
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challenge model was used to evaluate the protective capacity of the recently 

identified OMP, vir90 (Passerini de Rossi et al., 1999) and showed that vir90 was 

not protective and failed to elicit an immune response. However, it cannot be 

concluded that vir90 is not protective and a candidate for inclusion in Pa, as is 

demonstrated for the 92 kDa OMP, it may require the addition of low levels of 

PT or other adjuvants to become immunogenic. Further studies regarding the 

relevance of vir90 as a virulence factor are currently underway by generating 

knock out mutants in the encoding gene (Passerini de Rossi et al., 2003).
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Figure 3.1 Course of B. pertussis infection in lungs of mice immunized with

Pa or Pw. BALB/c mice were immunized twice with Pa or Pw 4 weeks apart and 

2 weeks after the second immunization were challenged with B. pertussis by 

aerosol exposure. CPU counts were performed on individual lung homogenates 

at intervals after infection. Results are expressed as mean (± SE) viable B. 

pertussis counts from 4 mice per group at each timepoint.
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Figure 3.2 T cell cytokine responses in mice immunized with Pa or Pw.

BALB/c mice were immunized twice intraperitoneally (ip) four weeks apart and 

two weeks after the second immunization spleen cells were isolated and 

stimulated with B. pertussis antigens (killed B. pertussis (Bp), FHA and PT) for 

72 hours. Concentrations of IL-5 and IFN-y were evaluated by ELISA. Results 

are expressed as mean responses (± SE) from four mice per group assessed 

individually in triplicate.
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Figure 3.3 Serum antibody responses in mice immunized with Pa or Pw.

BALB/c mice were immunized as described in Figure legend 3.2. Two weeks 

after the second immunization antibody responses to killed B. pertussis (Bp), 

FHA and PT were evaluated by ELISA. Results are expressed as mean antibody 

titres (± SE) from four mice per group. ***, P<0.001 versus mice treated with 

PBS.
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Figure 3.4 Distinct antibody isotype in serum of mice immunized with Pa

and Pw. BALB/c mice were immunized as described in Figure 3.2. Two weeks 

after the second immunization, serum antibody responses to PT, FHA and killed 

Bordetella pertussis (Bp) were evaluated. Concentrations of Bordetella pertussis 

specific IgG2a and IgGl were determined by ELISA. Results are expressed as 

mean antibody response (± SE) for 4 mice per group.
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Figure 3.5 B. pertussis specific memory T cells persists for up to 90 weeks 

after immunization with Pa. BALB/c mice were immunized twice 

intraperitoneally (ip) four weeks apart and 90 weeks after the second 

immunization spleen cells were isolated and stimulated with B. pertussis antigens 

for 72 hours. Concentrations of IL-5 and IFN-y were evaluated by ELISA. 

Results are expressed as mean responses (± SE) from four mice per group 

assessed individually in triplicate.
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Figure 3.6 Circulating antibody persists for at least 90 weeks after 

immunization with Pa. BALB/c mice were immunized twice intraperitoneally 

(ip) four weeks apart and 90 weeks after the second immunization serum and 

lungs were isolated. Circulating IgG in serum and IgA production in the lungs 

were evaluated in response to sonicated B. pertussis (Bp, FHA and PT by 

antibody ELISA. Results are expressed as mean responses (± SE) from four mice 

per group assessed individually in triplicate.
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Figure 3.7 Role of memory B and T cells in long term protection induced by

Pa or Pw. Mice were immunized twice with Pa, Pw or PBS and 90 weeks after 

the second immunization spleen cells were isolated and T cells purified. Either 

total spleen or splenic T cells were adoptively transferred into irradiated mice. 

Mice were challenged by aerosol exposure to B. pertussis 24 hrs later and CPU 

counts were performed on individual lung homogenates seven days after 

challenge. Results are expressed as mean (± SE) viable B. pertussis counts from 

four mice per group. ** , P<0.01 versus mice given total spleen from PBS 

immunized mice.
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Figure 3.8 T cell cytokine responses 7 days after B. pertussis challenge of 

mice adoptively transferred with memory T or B cells. Mice were immunized 

and infected as described in Figure 3.7. Spleen cells were isolated and stimulated 

with B. pertussis antigens seven days after challenge. Results are expressed as 

mean responses for four mice assessed in triplicate.
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Figure 3.9 Serum antibody responses 7 days after challenge with B.

pertussis. Mice were immunized and infected as described in Figure 3.7. 

Antibody responses to killed B. pertussis (Bp), FHA and PT were evaluated 

seven days after challenge by ELISA. Results are expressed as mean responses 

(± SE) for four mice assessed in triplicate
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Figure 3.10 Comparison of protective efficacy of Vir90 with conventional

Pa. Mice were immunized twice at with Vir90, DTPa or PBS. Two weeks after 

the second immunization, mice were challenged by aerosol exposure to B. 

pertussis and CPU counts were performed on individual lung homogenates at 

intervals after challenge. Results are expressed as mean (± SE) viable B. 

pertussis counts from four mice per group at each timepoint
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Figure 3.11 T cell cytokine responses in mice immunized with Vir90 or Pa.

Mice were immunized as described in Figure 3.10. Two weeks after the second 

immunization, spleen cells were isolated and stimulated with B. pertussis 

antigens or Vir90 in vitro for 72 hours. Levels of IFN-y and IL-5 in supernatants 

were determined by ELISA. Results are expressed as mean responses (± SE) 

from four mice assessed individually in triplicate.
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Figure 3.12 Serum antibody responses in mice with Vir90 or Pa. Mice were 

immunized as described in Figure 3.10. Two weeks after the second 

immunization, antibody responses to PT was evaluated by ELISA. Results are 

expressed as individual responses for each mouse with the mean represented as a 

bar.
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Figure 3.13 Protective efficacy of BCG expressing PT compared with 

conventional Pa. Mice were immunized twice at with BCG, rBCG-SiPT, DTPa 

or PBS. Two weeks after the second immunization, mice were challenged by 

aerosol exposure to B. pertussis and CFU counts were performed on individual 

lung homogenates at intervals after challenge. Results are expressed as mean (± 

SE) viable B. pertussis counts from four mice per group at each timepoint.
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Figure 3.14 T cell cytokine responses after immunization with rBCG 

expressing the SI subunit of PT. Mice were immunized and infected as 

described in Figure 3.13. Two weeks after the second immunization, spleen cells 

were isolated and stimulated with B. pertussis antigens in vitro for 72 hours. 

Levels of IFN-y and IL-5 in supernatants were determined by ELISA. Results 

are expressed as mean responses (± SE) from four mice assessed individually in 

triplicate.
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Figure 3.15 rBCG-SlPT failed to induce antibody responses against PT.

Mice were immunized ip as described in Figure 3.13. Two weeks after the 

second immunization, antibody responses to pertussis antigen PT was evaluated 

by ELISA. Results are expressed as individual responses for each mouse with the 

mean represented as a bar.
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Figure 3.16 Capacity of aerosol challenge model to distinguish Pa of 

different quality and quantity. Mice were immunized twice with the vaccines 

described in Table 3.1 and two weeks after the second immunization were 

challenged by aerosol exposure to B. pertussis. CFU counts were performed on 

individual lung homogenates at intervals after challenge. Results are mean (± SE) 

viable B. pertussis counts from 4 mice per group at each timepoint. ***, **, 

P<0.001, P<0.01 respectively compared to aluminium hydroxide control (D).
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Figure 3.17 T cell response induced after immunization of mice with Pa of 

different quality and quantity. Mice were immunized as described in Figure 

legend 3.15. Two weeks after the second immunization T cell cytokine responses 

in antigen stimulated spleen cells were evaluated by ELISA
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Figure 3.18 T cell cytokine responses in mice immunized with clinical lots of Pa vaccines supplied by WHO and 

challenged with B. pertussis. Mice were immunized twice with the vaccines and two weeks after the second 

immunization mice were challenged by aerosol exposure to B. pertussis. Pre-challenge and at intervals after challenge 

spleen cells were isolated and were stimulated with B. pertussis antigens in vitro for 72 hours. Levels of IL-5 and IFN-y 

in supernatants were determined by ELISA. Results are expressed as the mean responses (± SE) for four mice assessed 

individually in triplicate.
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Figure 3.19 Serum antibody production in mice immunized with Pa of 

different quality and quantity. Mice were immunized twice with the vaccines 

and two weeks after the second immunization antibody responses to PT and FHA 

were evaluated by ELISA. Results are expressed as the mean antibody titres for 

four mice per group.
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4.1 Introduction

There is little doubt that vaccination against B. pertussis has reduced the 

incidence and severity of disease in the last few decades. The importance of 

vaccination in pertussis control was confirmed in the early 1980’s. Following a 

report issued on the potential side effects of immunization with Pw in the late 

I970’s there was a decline in acceptance of vaccination against B. pertussis 

resulting in an increase in the number of pertussis cases reported in the following 

number of years. As vaccine uptake rates increased, the incidence of pertussis 

reduced and has remained low ever since. The increase in acceptance of pertussis 

immunization is partly due to the generation of Pa, which has fewer side effects 

then Pw. In routine childhood immunization schedules. Pa have been used as a 

4'*’ and 5̂ '’ booster in USA and in many European countries for children 15-20 

months of age and 4-6 years of age for several years (Recommendations of the 

Advisory Committee on Immunization Practices -  ACIP, 1992). Initially Pa were 

approved only for administration after a series of Pw injections, however Pa have 

recently become licensed for use complete immunization schedule in almost all 

developed countries. Currently, 4 Pa products are licensed for immunization in 

infants, however 3 of these 4 products have not been approved for a fifth dose 

when all other 4 doses were with Pa.

Numerous clinical trials have reported the efficacy of Pa to be lower to 

that of Pw, but the incidence of mild and severe adverse reactions is significantly 

lower with Pa (Olin et al., 1997; Simondon et al., 1997; Trollfors et al., 1995). 

However, the results of clinical trials in Italy suggest that Pa may be more 

efficacious than Pw. An estimate of efficacy of vaccines 17 months after 

immunization revealed that Pa had an efficacy of 84% and the efficacy of Pw 

was found to be unexpectedly lower at 36% (Greco et al., 1996). Gustafsson et 

al also reported similar findings in a trial in Sweden with Pw having lower 

efficacy than Pa. However it is generally accepted that the Pw used in these trials 

was of poor quality and not representative of a typical Pw. This study also 

showed that an increased number of components in Pa resulted in increased 

efficacy, with efficacy improving from 59% for a 2-component Pa to 85% for a 

5-component Pa (Gustafsson et al., 1996). Both of these studies were carried out
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in countries where the rate of vaccination against pertussis is low. Apart from 

clinical trials, pertussis vaccines had not been included in vaccination program in 

Sweden since between 1970 and 1995. Therefore, these trials may reflect the true 

efficacies of pertussis vaccines, rather than trials carried out in countries, which 

have reasonable vaccination coverage, and the benefit of herd immunity.

The majority of studies examining immunity against B. pertussis in 

humans and a number of studies in mice focus on evaluating the immune 

response after immunization, however few of these studies have reported on the 

stability of the vaccine induced immune response after infection with B. 

pertussis. In chapter 3 and in a number of other studies, it was shown that in mice 

immunization with Pw is associated with a T h l response, inducing IFN-y 

production and IgG mainly of the IgG2a isotype, whereas Pa was associated with 

the induction of T cells of a mixed T hl/T h2 type, yet both protect against 

infection (Chapter 3 and Barnard et al., 1996; Mills et al., 1993; Mills et al., 

1998a). In addition, natural infection with B. pertussis induces a T h l response. 

This raises the question as to whether immunization alters the T h l response 

induced by infection. In this chapter, the influence of infection with B. pertussis 

on the immune response induced after immunization with Pa or Pw was 

examined. In addition, the influence of the primary vaccination on the immune 

response induced by the booster vaccination was evaluated.
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4.2 Results

4.2.1 Stability of T ceil response after challenge of mice immunized with 

Pa or Pw.

In the previous chapter it was demonstrated that immunization with Pw 

induced the production T h l cells with enhanced IFN-y and low IL-5 production. 

In contrast, immunization with Pa resulted in the induction o f a mixed Thl/Th2 

response with both IL-5 and IFN-y produced by antigen stimulated spleen cells. 

In this chapter, the influence of infection on the pre-existing immune responses 

was examined. BALB/c mice were immunized twice with 0.2 human dose of Pa 

(Infanrix) or Pw 4 weeks apart and 2 weeks after the second immunization mice 

were challenged by aerosol exposure to B. pertussis. Spleens were isolated 

before and at intervals after infection for the detection o f T cell cytokine 

production. Spleen cells were stimulated with sonicated B. pertussis (Bp), FHA 

and PT for 72 hours and concentrations of IL-5 and IFN-y in supernatants were 

evaluated by ELISA. In mice immunized with Pw, prior to challenge with B. 

pertussis, moderate levels if IFN-y are produced by antigen stimulated spleen 

cells. Infection with B. pertussis resulted in an enhancement in the pre-existing 

T h l response in particular to sonicated B. pertussis and FHA (Figure 4.1). In 

contrast, spleen cells from mice immunized with Pa secreted high levels of IL-5 

and lower concentrations of IFN-y. This pre-existing Th2 response induced after 

immunization with Pa is suppressed shortly after infection, with cytokine 

production returning 14 days after infection. This suppression appears at the peak 

infection period of 7 -  10 days and at the time when an increase in bacterial 

numbers are observed in the lungs after immunization with Pa (Figure 4.1).

In order to further investigate the suppression of cytokine production 

after challenge of mice immunised with Pa, the stability o f the immune response 

was evaluated at extended intervals after immunization. BALB/c mice were 

immunized twice with Pa and 90 weeks after the second immunization were 

challenged with B. pertussis by aerosol exposure. 90 weeks after immunization, 

spleen cells from mice immunized with Pa produce high levels of IL-5 and lower
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levels of IFN-y and similar to mice challenged 2 weeks after immunization, the 

pre existing Th2 response is suppressed shortly after infection with IL-5 

production returning 7 days after challenge (Figure 4.2).

4.2.2 A role for FHA in the suppression of the Pa induced immune 

response.

Having established that the T cell cytokine response was suppressed 

shortly after B. pertussis infection of mice immunized with Pa, experiments were 

designed to address the mechanism of suppression. T regulatory (T rl) clones 

specific for FHA, one of the adhesins of B. pertussis, have been shown to have 

suppressive effects on T h l responses against B. pertussis and unrelated antigens 

(McGuirk et al., 2002). Furthermore, Cottrez et al., demonstrated that T rl cells 

could inhibit cytokine secretion and proliferative responses of Th2 cells (Cottrez 

et al., 2000). Therefore, we examined whether FHA was responsible for the 

suppression of the immune response induced by Pa. BALB/c mice were 

immunized twice with 0.2 human dose Pa and 2 weeks after the second 

immunization were challenged with either wild type B. pertussis (Bp 338) or a 

mutant form of the bacteria devoid of FHA (BpM 409). Before challenge and at 

intervals after challenge, spleen cells were isolated and stimulated with sonicated 

B. pertussis (Bp), FHA, PT and PRN and IL-5 production was examined (Figure 

4.3). In mice challenged with the wild type bacterial strain, a complete 

suppression in IL-5 production is evident 10 days after infection, however this 

suppression is not evident in mice challenged with the mutant strain, suggesting 

the suppression of the Th2 immune response induced by Pa is dependent on 

FHA.

4.2.3 Anamnestic IgA response induced after challenge of immunized mice

Despite the suppression of Th2 responses after challenge of mice 

immunized with Pa, the vaccine still protects against infection, therefore we

101



examined the role of antibody in protection against B. pertussis. It is generally 

accepted that antibodies play an important role in protection against B. pertussis 

infection. Vaccination with Pa and Pw have been shown to induce strong 

antibody production, mainly of the IgG isotype and no IgA. In this chapter the 

influence of infection on the vaccine induced immune response was examined. 

BALB/c mice were immunized and infected as described in section 4.2.2. Serum 

and lungs were isolated before challenge and at intervals after challenge for the 

detection of both circulating antibody and local IgA in the lung. As previously 

described in chapter 3, mice immunized with Pa and Pw induced strong 

circulating antibody responses and infection at 6 weeks (Figure 4.4 B & C) or at 

90 weeks (Figure 4.6 B) had little or no effect on the pre existing IgG levels. B. 

pertussis -  specific antibodies are first detected 14 days after challenge of un

immunised mice (Figure 4.4 A). In contrast, parenterally delivered Pa or Pw do 

not induce IgA in the lung. However, after infection there is rapid induction of 

IgA production in mice immunized with both Pa and Pw but not in control mice 

(Figure 4.5). This anamnestic IgA response is also observed after infection of 

mice immunized with Pa 90 weeks previously (Figure 4.7). These results suggest 

that IgA may contribute to bacterial clearance in immunized mice.

4.2.4 Influence of primary vaccine on the immune response to booster

vaccination.

Since Pw, like natural infection induces a T h l response, we examined the 

influence of a Pw booster on Pa immunized mice. This would allow a distinction 

to be made between a switch from Th2 to T h l or some suppressive influence of 

the infection. BALB/c mice were immunized with Pa or Pw and 4 weeks later 

were given a booster immunization of the alternate vaccine. Mice that received 

Pw as the primary vaccination were given Pa as the booster and mice immunized 

with Pa as the primary dose received Pw as the booster vaccination. Immune 

responses in mice immunized with 2 doses of Pa or Pw were not examined in this 

study, however as shown in figures 4.2 and 4.3, Pw induces predominantly T hl 

cells and Pa induces a polarized Th2 response. In terms of antibody production, 

both Pa and Pw induce strong antibody responses mainly of the IgG isotype. In
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general, Pw induces more IgG2a than IgG l, whereas Pa induces more IgG l than 

Ig02a (Chapter 3). 2 weeks after the booster immunization, mice were 

challenged with B. pertussis by aerosol exposure. The immune response 

generated by vaccination was evaluated before challenge. T cell responses were 

examined in antigen stimulated spleen cells. Spleens were isolated and 

stimulated with sonicated B. pertussis, FHA, PT and PRN for 72 hours and IL-5 

and IFN-y concentrations in supernatants were determined. Analysis of T cell 

responses suggests that the typical T h l response induced by Pw, switches to a 

mixed T hl/T h2 response after booster immunization of Pa, with the secretion of 

both IL-5 and IFN-y (Figure 4.8). This suggests that the T h l response to a 

particular antigen is not fixed and can be altered by the appropriate booster 

immunization. Therefore, the T h l response induced by primary vaccination with 

Pw appears to have no influence on the T cell response induced by Pa. In 

contrast, the immune response to Pw does appear to be influenced by primary 

dose of Pa, with poor T cell responses induced in mice primed with Pa and 

boosted with Pw (Figure 4.8). Circulating antibody production in response to PT 

and FHA were assessed in the serum (Figure 4.9). Strong antibody responses 

were induced in both immunized groups, with more IgG2a produced than IgG l. 

Therefore, it appears that primary vaccination with Pw influences antibody 

production to Pa. In contrast, primary immunization with Pa does not appear to 

influence antibody production after booster immunization with Pw.

Protection was assessed by performing CFU counts on lung homogenates 

at intervals after infection (Figure 4.10). The combination of Pw followed by Pa 

induces superior protection with bacteria undetectable in the lung 3 days after 

infection compared to Pa followed by Pa, where complete clearance is not 

observed until day 14. The kinetics of bacterial clearance appear to be influenced 

by the primary vaccine, with clearance curves similar to those in other studies 

which received 2 doses o f the primary vaccine in this study.
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4.3 Discussion

The results of this study demonstrate that infection with B. pertussis has 

different effects on the immunity generated after immunization with Pa and Pw. 

Immunization with Pw results in the induction of a polarized Thl response 

(Chapter 3, Barnard et al., 1996; Mahon et al., 1996; Mills et al., 1993). After 

infection with B. pertussis, mice immunized with Pw display rapid clearance of 

bacteria from the lungs and an enhancement in T cell cytokine production. 

Immunization with Pa resulted in the induction of a mixed Thl/Th2 response, 

although in other studies Pa appeared to be associated with more polarized Th2 

responses (Barnard et al., 1996; Mahon et al., 1996; Mills et al., 1993). In 

contrast to Pw, where an increase in cytokine production by T cells was 

observed, the cytokine production by antigen stimulated spleen cells from mice 

immunized with Pa is suppressed shortly after infection with B. pertussis. This is 

accompanied by a transient rise in bacterial numbers in the lung with bacteria 

persisting in the lung until 21 days after infection. We have shown that the 

suppression of the Th2 response to be dependent on FHA, possibly through the 

induction of Trl cells. Trl cells secrete no IL-2 , IL-4 or IFN-y but produce high 

levels of IL-10 and have been shown to inhibit the proliferative responses of 

bystander Thl and Th2 cells both in vitro and in vivo (Groux et al., 1997). FHA 

has been shown to be capable of suppressing Thl responses to B. pertussis and 

unrelated antigens and this suppression is dependent on the production IL-10 

(McGuirk et al., 2000). In addition, Trl clones specific for FHA inhibit Thl 

mediated responses in vitro and in vivo (McGuirk et al., 2002).

Pa, that include FHA, have been shown to induce IL-10 in the brain 

(Donnelly et al., 2001) and in peripheral blood T cells (Zepp et al., 1997). 

Furthermore, FHA has been shown to induce IL-10 production from 

macrophages and DCs (McGuirk et al., 2000; McGuirk and Mills, 2000a). 

Studies have shown that IL-10 exerts its effects on T cells indirectly by inhibiting 

antigen-presenting functions of macrophages and monocytes (Fiorentino et al., 

1991b). IL-10 downregulates the inflammatory response by inhibiting the release 

of IL -ip, TNF- a  and GM-CSF from macrophages (Fiorentino et al., 1991a; 

Fiorentino et al., 1991b) and by stimulating the synthesis of IL -lra and soluble 

receptors for TNF-a (Cassatella et al., 1994; Joyce et al., 1994) Although
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originally identified as a Th2 specific cytokine inhibiting T h l responses, it is 

now recognised that IL-10 can inhibit Th2 mediated responses including 

eosinophilia and IL-5 production in mice (Zuany-Amorim et al., 1996; Zuany- 

Amorim et al., 1995). IL-10 mediated inhibition of IL-5 production was also 

demonstrated in human T lymphocytes (Schandene et al., 1994). Furthermore, it 

has been shown that the suppression of allergen reactive Th2 mediated responses 

is linked to IL-10 production (Hall et al., 2003). In addition, T rl cells inhibit Th2 

specific responses in vivo. In contrast to T hl or Th2 T cell clones, transfer of T rl 

clones coincident with OVA immunization inhibited antigen specific serum IgE 

responses. This inhibition was mediated by IL-10 secretion as anti-IL-10 receptor 

antibodies reverted the inhibitory effect of the T rl clones (Cottrez et al., 2000).

In contrast to the inhibitory effects of infection on vaccine induced T cell 

responses, antibody responses, in particular IgA were enhanced after challenge. 

Immunization with Pa and Pw generated strong circulating IgG antibodies but no 

local production of secretory IgA. Infection with B. pertussis resulted in little or 

no changes in IgG responses in the serum; however, shortly after challenge a 

rapid induction of IgA production was observed in lungs of immunized mice. 

Intranasal immunization of mice with purified FHA results in the production of 

serum IgG and lung IgA antibodies against FHA, which were detectable within 4 

weeks after the first immunization (Cahill et al., 1993). Anamnestic responses 

were seen following secondary immunization and subsequent challenge with B. 

pertussis. Furthermore, immunization with FHA resulted in complete clearance 

of bacterial infection from lungs within 14 days. Our results show that 

parenterally delivered vaccines against B. pertussis do not induce IgA in the lung 

but prime the mice, allowing for an anamnestic IgA response after challenge. 

This suggests a role for IgA in bacterial clearance in mice immunized 

systemically with pertussis vaccines. Coffin et al have examined the mechanisms 

by which mucosal antibody secreting cells are induced by non-mucosal 

intramuscular immunization by inoculation o f mice with rotavirus and suggested 

that intestinal antigen specific IgA following parenteral immunization may be 

induced by B cells migrating from peripheral to mucosal lymphoid tissue (Coffin 

et al., 1999).
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IgA is generally believed to function by neutralizing and agglutinating 

pathogens or by preventing their attachment to mucosal surfaces (Childers et al., 

1989). In a study by Hellwig et al., anti B. pertussis IgA was shown to be capable 

of inducing bactericidal effects by facilitating binding, phagocytosis and killing 

of B. pertussis via the myeloid IgA receptor F caR l (CD89) (Hellwig et al., 

2001). Although the IgA used in this study was purified from immune sera of 

patients shortly after infection, it consisted mainly of IgA l and in the respiratory 

tract, IgAI represents the main antibody isotype (Childers et al., 1989) The 

importance of IgA in mucosal immunity is demonstrated in IgA deficient 

individuals, some of which are prone to recurrent respiratory, gastrointestinal and 

urogenital infections (Burrows and Cooper, 1997). However, since IgG and IgM 

levels in IgA deficient individuals remain normal and in some cases are elevated, 

an absolute requirement for IgA in mucosal protection remains controversial. 

Renegar et al., have reported a requirement for IgA in murine nasotracheal anti

influenza immunity (Renegar et al., 2001), however, an IgA knockout model 

showed mucosal immunity to influenza in the absence of IgA (Mbawuike et al., 

1999).

In summary, our findings demonstrate that the immune response induced 

after vaccination with Pa and Pw are altered after challenge with B. pertussis and 

is influenced by the nature of the primary vaccination. Primary vaccination with 

Pa influences the T cell but not the antibody response after boosting with Pw, 

however, primary immunization with Pw alters the antibody responses but not 

the T cell responses induced after booster immunization with Pa. In addition, the 

combination of Pw followed by Pa resulted in superior protection with bacterial 

infection cleared by 3 days. Interestingly, for many years, immunization 

schedules have involved using Pw for primary course of vaccinations with Pa 

only used as a 4*̂  or 5'*’ booster vaccination. W e have shown that Pw induced 

T h l immune responses are enhanced after challenge and are associated with 

superior protection, whereas Pa induced Th2 responses are suppressed after 

challenge. Furthermore, this suppression was shown to be FHA dependent. Our 

findings also demonstrate an anamnestic IgA response in the lungs following 

challenge of parenterally immunized mice. In addition to suggesting a role for 

IgA in bacterial clearance, these findings support the evaluation of IgA against
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specific B. pertussis antigens as markers of recent infection and suggest a role in 

serological diagnosis of infection.
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Figure 4.1 Influence of Thl or Th2- inducing vaccines on T cell responses 

after B. pertussis challenge. BALB/c mice were immunized twice with Pa or Pw 

and challenged with B. pertussis by aerosol exposure. Spleen cells were isolated 

before challenge and at intervals after challenge and stimulated with B. pertussis 

antigens. Concentrations of IL-5 and IFN-y in supernatant were determined by 

ELISA. Results are expressed as mean response for four mice assessed 

individually in triplicate.
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Figure 4.2 Suppression of Th2 response following B. pertussis challenge of 

mice immunized with Pa, 90 weeks previously. Mice were immunized twice 

with Pa or PBS and 90 weeks after the second immunization mice were 

challenged by aerosol exposure to B. pertussis. Spleen cells were isolated and 

stimulated with B. pertussis antigens pre challenge and at intervals after 

challenge. Levels of IL-5 and IFN-y in supernatants were determined by ELISA. 

Results are expressed as mean responses for four mice per group assessed in 

triplicate.
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Figure 4.3 Suppression of Th2 response is dependent on FHA. BALB/c 

mice were immunized twice with Pa and challenged with either wild type B. 

pertussis (Bp 338) or a mutant B. pertussis devoid of FHA (BpM 409). 

Prechallenge and at intervals after infection, spleen cells were isolated and 

stimulated with B. pertussis antigens. Levels of IL-5 in supernatant were 

determined by ELISA. Results are expressed as mean response (± SE) for four 

mice assessed individually in triplicate.
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Figure 4.4 Serum antibody responses after challenge of mice immunized 

with Pa or Pw. BALB/c mice were immunized twice with PBS (A), Pa (B), or 

Pw (C) and challenged with B. pertussis by aerosol exposure. At intervals after 

infection, antibody responses to killed B. pertussis, PT and FHA in the serum 

were evaluated by ELISA. Results are expressed as mean antibody titres (± SE) 

for four mice per group.

I l l



Figure 4.5 Anamnestic IgA responses in lungs after challenge of mice 

immunized with Pa and Pw. BALB/c mice were immunized twice with PBS 

(A), Pa (B), or Pw (C) and challenged with B. pertussis by aerosol exposure. IgA 

responses to killed B. pertussis, FHA and PT in the lung were evaluated by 

ELISA before challenge and at intervals after challenge. Results are expressed as 

mean antibody titres (± SE) for four mice per group.
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Figure 4.6 Serum antibody responses in mice challenged with B. pertussis 

90 weeks after immunization with Pa or PBS. Mice were immunized twice 

with PBS (A) or Pa (B) and 90 weeks after the second immunization mice were 

challenged by aerosol exposure to B. pertussis. Antibody responses to killed B. 

pertussis, PT and FHA in serum were assessed by ELISA. Results are expressed 

as mean antibody titres (± SE) for four mice per group at each timepoint.
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Figure 4.7 Anamnestic IgA production in lungs post B. pertussis challenge 

of mice immunized with Pa 90 weeks earlier. Mice were immunized twice 

with PBS (A) or Pa (B) and 90 weeks after the second immunization mice were 

challenged by aerosol exposure to B. pertussis. Local antibody responses in lung 

to killed B. pertussis and FHA in serum were assessed by ELISA. Results are 

expressed as mean antibody titres (± SE) for four mice per group at each 

timepoint.
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Figure 4.8 Influence of primary vaccine on T cell response to booster 

vaccine. BALB/c mice were immunized with Pa, Pw and PBS and 4 weeks later 

were given a booster immunization of the alternate vaccine. 2 weeks after the 

second immunization, spleen cells were isolated and stimulated with B. pertussis 

antigens. Concentrations of IL-5 and IFN-y in supernatant were determined by 

ELISA. Results are expressed as mean response (± SE) for four mice assessed 

individually in triplicate.
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Figure 4.9 Influence of primary vaccine on antibody response to booster 

vaccine. BALB/c mice were immunized with Pa, Pw and PBS and 4 weeks later 

were given a booster immunization of the alternate vaccine. 2 weeks after the 

second immunization, antibody responses to PT and FHA in the serum were 

evaluated by ELISA. Results are expressed as mean antibody titres (± SE) for 

four mice per group
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Figure 4.10 Bacterial clearance in mice immunized with pertussis vaccines 

and challenged with B. pertussis. BALB/c mice were immunized with Pa or Pw 

and 4 weeks later were given a booster immunization of the alternate vaccine. 2 

weeks after the second immunization, mice were challenged with B. pertussis. 

CFU counts were performed on individual lung homogenates at intervals after 

challenge. Results are expressed as mean (± SE) viable B. pertussis counts from 

four mice per group.
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5.1 Introduction

Professional phagocytes, comprising of polymorphonuclear neutrophils 

and monocytes / macrophages play an important role in host defence against 

infection. In innate immunity, the macrophage participates in inflammatory 

responses via phagocytosis and through the generation of toxic oxygen radicals, 

reactive oxygen and nitrogen intermediates and a diverse array of cytokines. In 

cell mediated immunity, macrophages process and present microbial antigen to T 

cells and, after subsequent activation by cytokines, the macrophage acts as the 

final effector cells that contain and kill intracellular pathogens. Inflammatory and 

microbial activities of macrophage inescapably results in tissue damage and the 

induction of apoptosis. As active scavengers, macrophages are not only 

responsible for the clearance of pathogens during the immune response to 

infection but also function in the clearance of apoptotic cells. Apoptotic cells 

express proteins, phospholipids and sugars, which bind to pattern recognition 

receptors such as integrin, lectin like receptors and scavenger receptors on 

macrophages (Gregory, 2000). Macrophages express several molecules to aid in 

the recognition of the microorganism; receptors for Ig (FcR) and complement 

(CR3 - complement receptor 3) utilise opsonins for ingestion (Aderem and 

Underhill, 1999), while other pattern recognition molecules, such as the mannose 

receptor, are able to recognize conserved motifs on pathogen surfaces (Fraser et 

al„ 1998).

B. pertussis colonizes the respiratory tract by adhering to ciliated 

epithelial cells. However, B. pertussis also adheres to phagocytes in vitro and in 

vivo. Binding of B. pertussis to phagocytes takes place via the combined action 

of a number of virulence factors. Fimbriae o f the bacteria bind to the VLA-5 

receptor on macrophages resulting in the up-regulation of CRB (Hazenbos et al., 

1995). FHA binds to CR3 but little is known about the consequences of B. 

pertussis binding to phagocytes via CR3. However, it has been shown that 

phagocytosis via CR3 does not always result in oxidative burst (W right and 

Silverstein, 1983). Therefore, uptake through CR3 could be beneficial for B. 

pertussis, allowing the bacteria access to a protective intracellular niche. In the 

presence of opsonizing antibodies, B. pertussis will bind to phagocytic receptors
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for immunoglobulin (Fc receptors). In general, ligation of Fc receptors results in 

uptake and killing of bacteria. Recently, it has been shown that targeting to Fey 

receptors increased clearance of B. pertussis, whereas targeting of bacteria to 

CR3 increased bacterial persistence (Hellwig et al., 2001).

Until recently, B. pertussis was thought to occupy an extracellular niche 

during infection. However, there is increasing evidence to suggest that B. 

pertussis can also occupy an intracellular niche via invasion and survival within 

macrophages and other cell types in the respiratory tract. The first report to 

demonstrate intracellular survival of B. pertussis was a study with non- 

professional phagocytes, a HeLa 229 cell line and studies in mammalian cells 

soon followed (Ewanowich et al., 1989). It has also been reported that B. 

pertussis can survive within murine and rabbit alveolar macrophages (Hellwig et 

al., 1999; Saukkonen et al., 1991). A study of B. pertussis infection of mice with 

targeted disruptions of the IFN-y receptor gene provided circumstantial evidence 

of a role for macrophages in containing bacteria at the site of infection (Mahon et 

al., 1997b). Infection of IFN-yR’̂’ mice resulted in an bacterial dissemination 

from the respiratory tract, which was lethal in a proportion of animals, and was 

characterised by pyogranulomatous inflammation and post necrotic scarring in 

the livers, mesenteric lymph nodes and kidneys. In addition, infiltrating 

macrophage and neutrophils were present in the alveolar septae and lumens of 

the lung and deposits of B. pertussis antigen were evident on macrophages in 

areas of polygranulomatous inflammation in mesenteric lymph nodes, suggesting 

that carriage of B. pertussis to secondary infected organs was via macrophages 

(Mahon et al., 1997b).

The infiltration of inflammatory cells including macrophages and 

neutrophils into the respiratory tract is an important mechanism of immunity 

against B. pertussis. Neutrophil infiltration into the lung is acute and transient, 

peaking 14 days after infection. In contrast, the number of macrophages peak 

about 5 days after challenge and remain elevated for up to 4 weeks, at which time 

the bacteria reach low levels (McGuirk et al., 1998). Macrophages appear to be 

the predominant phagocytic cell present in the lung during the course of B. 

pertussis infection. Chemokines or chemotactic cytokines are produced by a 

variety of cells and are important mediators of inflammation. Chemokines are
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induced during viral, parasitic and bacterial infections (Schall and Bacon, 1994; 

Schluger and Rom, 1997), where they help to recruit inflammatory cells to sites 

of infection. Many of the ELR containing chemokines, which include IL-8 and 

MIP-2, have been shown to be chemotactic for neutrophils, whereas the CC 

chemokines, such as M IP -la  and MIP-1(3 chemoattract and activate monocytes 

and macrophages.

The role of macrophages in innate immunity to bacterial infection has 

been studied and there is some evidence to suggest a role for macrophages in 

clearance of primary infection with B. pertussis. However, there have been no 

attempts to directly address the role of macrophages in vaccine induced 

immunity. Immunization with Pw induces a T h l response in mice and in humans 

(Barnard et al., 1996; Mills et al., 1998b; Ryan et al., 1998b). Since T hl cells 

mediate delayed type hypersensitivity reactions and stimulate macrophages to 

kill intracellular bacteria, it has been suggested that activated macrophages might 

contribute to bacterial clearance in vaccinated mice and humans (Xing et al., 

1998) It has been reported that macrophages and spleen cells from mice 

immunized with Pw were able to respond in vitro to selected antigens and was 

associated with the induction of nitric oxide (Xing et al., 1998). This closely 

correlated with protection against challenge and suggests that macrophages are 

involved in protective immunity.

In this chapter, the involvement of macrophages in protective immunity 

to B. pertussis induced by Pa and Pw was examined by depleting alveolar 

macrophages in immunized mice. This approach was also used to study the role 

of macrophages in primary B. pertussis infection in IFN-yR '̂’ and wildtype 129 

Sv/Ev mice. Cytokine and chemokine production in macrophages in response to 

B. pertussis was examined, in addition to the effect of IFN-y on human and 

murine macrophages in vitro.
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5.2 Results

5.2.1 Cytokine and chemokine production by peritoneal macrophages 

after stimulation with B. pertussis.

As macrophages appear to be such an important component of immunity 

to infection with B. pertussis, macrophages were examined for the production of 

cytokines and chemokines after infection with B. pertussis. Peritoneal exudate 

cells (2x10^) comprising greater than 90% macrophages from BALB/c mice were
o

incubated with varying concentrations of live B. pertussis (0 -  1x10 ) for 4 or 24 

hours. The concentrations of lL-4, IL-5, IL-6, IL-10, IL-12p70 and IFN-y in 

culture supernatant were assessed by ELISA. Stimulation of peritoneal 

macrophages with B. pertussis did not induce detectable levels of IL-4, IL-5 or 

IFN-y, however IL-6 were induced 24 hours after stimulation in a dose response 

manner (Figure 5.1). Optimum levels of IL-6 were produced by macrophages 

when stimulated with 1x10^ bacteria with cytokine levels declining with higher 

doses of bacteria. IL-10 production from B. pertussis stimulated macrophages 

was poor, with a slight increase in levels seen 24 hours after stimulation with 

IxlO’ bacteria.

The production of M IP-la, M IP-lp, MIP-2, RANTES and MCP-1 by 

peritoneal macrophages in response to B. pertussis was also examined (Figure 

5.2). High levels of some chemokines were produced by unstimulated peritoneal 

macrophages, in particular MIP-2 and MCP-1. Peritoneal macrophages showed 

little response to B. pertussis 4 hours after infection with only slight increases in 

M IP -la  and M IP-ip observed at this time point. With the exception of MCP-1 

all other chemokines were increased 24 hours after infection with B. pertussis. 

The optimum number of bacteria required to stimulate peritoneal macrophages 

appeared to be IxloVml with M IP-la, M IP-ip, RANTES and MIP-2 levels all 

peaking when stimulated with this concentration of bacteria.
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5.2.2 Kinetics of chemokine production during primary infection with B.

pertussis

Infection of naive mice with B. pertussis is accompanied with 

inflammatory infiltrate in lungs, with an influx of macrophages, neutrophils and 

lymphocytes (Figure 5.3). Since chemokines are involved in the recruitment of 

cells to sites of infection, the kinetics of chemokine production was examined 

during primary infection of mice with B. pertussis. BALB/c mice were 

challenged with B. pertussis by aerosol exposure. Before challenge, 4 hours and 

3, 7, and 14 days after challenge lungs were isolated and homogenised and MIP- 

a , M IP-ip , MIP-2 and RANTES concentrations were determined by ELISA 

(Figure 5.4). B. pertussis infection was associated with a marked but transient 

increase in chemokine production in the lungs after infection. M IP-a, MIP-1(3, 

and MIP-2 showed similar kinetics of production with all 3 chemokines peaking 

4 hours after infection, declining rapidly thereafter returning to pre-infection 

levels within 7 days after challenge. In contrast, high levels of RANTES are 

constitutively expressed in lungs of naive mice which increase 4 hours after 

infection with B. pertussis, declines 3 days after infection, then slowly increases 

above normal levels, peaking 14 days after infection.

5.2.3 Chemokine production following B. pertussis infection of mice 

immunized with pertussis vaccines.

Cellular recruitment is an important factor in B. pertussis infection and 

contributes to enhanced resolution of infection. It has been shown that infection 

of mice immunised with Pw is associated with a proinflammatory response and 

cellular infiltrate into the lungs. Infiltrating cells include macrophages, 

neutrophils and lymphocytes. In contrast, infection of Pa immunized mice results 

in an anti-inflammatory response and no cellular infiltration (McGuirk and Mills, 

2000b). As chemokines are primarily responsible for the recruitment of cells of 

sites of infection, the production of M IP -la , MIP-1(3 and MIP-2 in the lung was 

examined. Preliminary experiments demonstrated that chemokine production
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peaked 4 hours after infection and returned to pre-infection levels 3 days after 

challenge (Figure 5.5). In subsequent experiments, lungs (Figure 5.6) and BAL 

fluid (Figure 5.7) from immunized mice were examined for chemokine 

production 4 hours after B. pertussis infection. Naive, non-infected mice served 

as controls. BALB/c mice were immunised with Pa, Pw or PBS twice and 2 

weeks after the second immunization were challenged with B. pertussis by 

aerosol exposure. 4 hours after infection, broncheoalveolar lavage was performed 

and lungs were isolated and homogenised in 1 ml casein. Infiltrating cells were 

removed from BAL fluid and BAL fluids were concentrated using centricon 

tubes. Concentrations of M IP -la , M IP-ip  and MIP-2 in BAL fluid and lung 

tissue were determined by ELISA. Infection of mice immunized with pertussis 

vaccines was associated with increased expression of M IP -la , M IP -lp  and MIP- 

2 in the lungs and BAL fluid examined 4 hours after challenge. Pw is associated 

with an inflammatory response whereas little or no cellular infiltration occurs 

after infection of Pa-immunizes mice. However, the results demonstrate that both 

Pa and Pw induce inflammatory chemokines in the lungs (Figure 5.6) and BAL 

fluid (Figure 5.7) with higher concentrations detected in BAL fluid and lung 

homogenate of mice immunized with Pa compared to Pw.

5.2.4 Effect of macrophage depletion on primary B. pertussis infection in 

naive 129Sv/Ev and IFN-yR’̂ ' mice

It has been demonstrated that B. pertussis respiratory infection of mice 

with targeted disruptions of the genes for the IFN-y receptor resulted in an 

atypical disseminated disease, which was lethal in a number of animals (Mahon 

et al., 1997b). It has also been known for a number of years that B. pertussis has 

an intracellular phase and has the ability to invade and survive within a number 

of mammalian cells, including macrophages. In this study, the role of 

macrophages in bacterial dissemination in IFN-yR'^' and 129Sv/Ev mice was 

examined. Alveolar macrophages were depleted using a liposome mediated 

macrophage suicide technique developed by Nico Van Rooijen (Thepen et al., 

1989; Van Rooijen, 1989); liposome -  encapsulated dichloro-methylene-
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diphosphonate (clodronate, CI2 MDP or CI2 ) was injected intratracheally (i.t.). 

The clodronate-encapsulated liposomes are phagocytized and after digestion of 

liposomal membrane, the clodronate is released into the cell. This results in rapid 

cell death. In this study, 129Sv/Ev and IFN-y R'^' mice were injected 

intratracheally with 200 |0.1 of clodronate-encapsulated liposomes, PBS- 

encapsulated liposomes or PBS 7 days before B. pertussis challenge and every 7 

days over the course of the experiment. M ice were challenged with B. pertussis 

by aerosol exposure and at intervals after challenge, CFU counts were performed 

on lung homogenates, liver homogenates and blood (recovered by retro-orbital 

bleed) from individual mice.

Analysis of CFU counts on the lung homogenates revealed little or no 

difference in the course of primary infection between control and clodronate 

treated IFN-yR’̂ ' or wildtype 129Sv/Ev mice (Figure 5.8). Bacterial load in lungs 

are slightly lower in IFN-yR'^’ (Figure 5.8A) than in wild-type 129Sv/Ev mice 

(Figure 5.SB) 24 days after infection, however these differences are not 

significant and may reflect bacterial dissemination to peripheral organs rather 

than enhanced clearance. Ten days after infection of IFN-yR'^' mice, high 

numbers of bacteria disseminate to blood and liver with only very low numbers 

observed in blood and liver of 129Sv/Ev mice (Figure 5.9). In contrast, B. 

pertussis are not detectable in the blood of wildtype mice, but are detectable after 

treatment of these mice with clodronate. Similarly, the CFU counts are 

significantly higher in lungs of IFN-yR’̂ ' compared with wildtype mice but are 

increased in the wildtype and KO mice after treatment with clodronate.

As B. pertussis has the ability to survive within macrophages, it was 

thought that macrophages were responsible for transporting bacteria from the 

lungs to secondary infected organs in IFN-yR'^' mice, however, following 

macrophage depletion no difference was observed in CFU counts in either lungs 

(Figure 5.8) and liver (Figure 5.9B) of macrophage depleted and control IFN-yR' 

mice. This suggests that macrophages are not primarily responsible for 

bacterial transport from the lungs to peripheral organs and indicate a possible 

role for other phagocytic cells such as neutrophils and DCs in the process. In 

contrast, macrophage depletion in wildtype 129Sv/Ev mice resulted in enhanced
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bacterial dissemination to blood and liver 10 days after infection compared to 

control 129Sv/Ev mice, suggesting that macrophages are confining bacteria in 

the lung during B. pertussis infection in immunocompetent mice.

5.2.5 IFN-y enhances the bactericidal activity of murine and human 

macrophages in vitro.

In order to evaluate the effect of IFN-y on the activity of macrophages, 2 

separate studies were conducted. Firstly, peritoneal macrophages were isolated 

from 129Sv/Ev and IFNyR’̂’ mice. Macrophages (2x10^) were pre-incubated 

with and without 50 ng IFN-y for 1 hr before infection with live B. pertussis 

(1x10^) for 2 hrs. Following incubation, supernatant was removed and 

macrophages were treated with and without polymyxin B and gentamycin to kill 

any extracellular bacteria. Supernatant and macrophages were plated onto blood 

agar plated supplemented with cephalexin, and CFU counts were performed after 

4 days incubation at 37°C. CFU counts from supernatant (Figure 5.10 A) and 

untreated macrophages (Figure 5.10 B) demonstrate that IFN-y enhances the 

bactericidal activity of macrophages. However, although bacterial numbers are 

low, IFN-y does not appear to have much effect on intracellular bacterial killing 

with intracellular bacterial numbers slightly higher after treatment with IFN-y 

(Figure 5.10 C). In addition, IFN-y was shown to have no effect on activity of 

macrophages from IFN-yR' '̂ mice.

Bactericidal activity of human peripheral blood mononuclear cells 

(PBMC) was also examined. PBMCs and polymorphonuclear lymphocytes 

(PMNL) were isolated from human blood using a polymorph prep. Mononuclear 

cells (2x10^) were incubated with or without IFN-y (50 ng) for 1 hour. IFN-y 

activated mononuclear cells were incubated with B. pertussis alone or in 

combination with L-MNAA. PMNLs and un-stimulated mononuclear cells were 

treated directly with B. pertussis and bacteria alone served as a negative control. 

Cells were incubated with bacteria for 2 hours and following incubation were 

treated with polymyxin B and gentamycin to kill any extracellular bacteria. Cells
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were treated for 1, 2 or 3 hours, washed and resuspended in 1 ml casein. 100 |0,1 

of cell suspension was plated onto blood agar plates and CFU counts were 

recorded after 4 days incubation at 37°C (Figure 5.11). The results demonstrate 

that mononuclear cells alone are efficient phagocytes, however, pre-activation 

with IFN-y is required for intracellular bacterial killing. Bacteria were 

undetectable in mononuclear cells which were treated with IFN-y. Co-incubation 

of IFN-y stimulated mononuclear cells with B. pertussis and nitric oxide inhibitor 

L-MNNA partly reduced bacterial killing and suggests that macrophage 

mediated killing of intracellular bacteria is partially dependent on nitric oxide. 

PMNL appear to be efficient phagocytes and even in the absence of IFN-y were 

capable of intracellular bacterial killing. Bacterial load in PMNLs is reduced over 

time indicating that B. pertussis fails to survive within neutrophils.

5.2.6 A role for macrophages in adaptive immune response to B. pertussis.

The involvement of macrophages in innate immunity to bacterial 

infections is well documented. Following primary infection with B. pertussis, 

macrophages are involved in phagocytosis and bacterial killing via bactericidal 

activities. Here, the role of macrophages in vaccine induced immunity was 

examined. BALB/c mice were immunized twice with Pa or Pw and 2 weeks after 

the second immunization were challenged with B. pertussis by aerosol exposure. 

7 days before challenge and every 7 days over the course of the study, mice were 

injected intratracheally with clodronate-encapsulated liposomes to deplete 

alveolar macrophages. Immunized mice injected with PBS-encapsulated 

liposomes or mice immunized with PBS and twice and challenged with B. 

pertussis served as controls. CFU counts were performed on individual lung 

homogenates at intervals after infection. In unimmunized mice, bacteria multiply 

in the lung, peak 7 days after challenge and slowly begin to decline. Pw 

immunized mice, which received control PBS-encapsulated liposomes, showed 

rapid clearance of bacteria from lungs with bacteria undetectable in the lungs 10 

days after infection (Figure 5.12).
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Macrophage depletion of Pw immunized mice using clodronate- 

encapsulated liposomes decreased the protective efficacy of Pw (Figure 5.12). 

Initially the kinetics of bacterial clearance is similar to those o f mice immunized 

with Pw and treated with control liposomes, with bacterial numbers the same 3 

days after infection; however 7 days after infection a significant difference is 

seen between the two groups. Depletion of macrophages resulted in an increase 

in the number of bacteria in lungs, while control Pw-immunised mice displayed a 

dramatic reduction in bacterial numbers. This significant difference is still 

observed 10 days post challenge when bacteria are undetectable in lungs of Pw 

control mice. Bacterial numbers slowly decline in lungs of macrophage depleted, 

Pw-immunized mice with moderate levels detectable 14 days after infection.

Similarly, macrophage depletion appeared to delay bacterial clearance of 

mice immunized with Pa (Figure 5.13). Here bacteria decline rapidly to low 

levels in lungs 3 days after infection of mice Pa - immunized treated with control 

PBS encapsulated liposomes, bacterial numbers increase slightly 7 days after 

infection and are undetectable within 10 days of challenge. Depletion of 

macrophages resulted in a delay in bacterial clearance after Pa immunization, 

with bacterial numbers in lungs of macrophage-depleted mice significantly 

greater than those of control immunized mice 7 days after challenge. Bacterial 

numbers in lungs decline after 7 days and reach low levels 14 days after 

infection.

5.2.7 Macrophage depletion suppresses antigen speciHc T cell responses

after infection of mice immunized with pertussis vaccines.

Once it was established that macrophage depletion was affecting 

bacterial clearance in the lung, the role of macrophages in the generation of 

antigen specific T cell responses was examined. BALB/c mice were immunized, 

infected and treated with liposomes as described in section 5.2.6. 3 and 10 days 

after infection, antigen specific T cell responses were assessed by stimulating 

spleen cells (2x10^) with sonicated B. pertussis (Bp), FHA and PT and (Figure 

5.14). As described in chapter 3, Pw induces a T h l response, with the production
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of IFN-y and no IL-5, whereas Pa induces predominantly Th2 cells with the 

production of IL-5 and low levels of IFN-y. 3 days after infection, high levels of 

IL-5 and low levels of IFN-y are produced by spleen cells from mice immunised 

with Pa. The levels IL-5 are reduced, but not abrogated following depletion of 

macrophages in Pa immunized mice. Similarly, the T h l response induced by Pw 

is reduced after macrophage depletion. 10 days after infection only low levels of 

IL-5 are produced in Pa immunized mice with no difference observed in levels 

induced after macrophage depletion. However in Pw immunized mice, similar to 

3 days after challenge, IFN-y levels are reduced in mice in the absence of 

macrophages.
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5.3 Discussion

Like many patliogens, B. pertussis appears to have developed strategies to 

delay, overcome or evade the immune effector mechanisms of the host. These 

evasion strategies include destruction of ciliated cells by TCT (Luker et al., 1993; 

Luker et al., 1995), the development of BrkA and BrkB, which allow resistance 

to complement killing (Fernandez and Weiss, 1994; Fernandez and Weiss, 1998), 

avoidance of respiratory burst (Cundell et al., 1994; Meade et al., 1985), and the 

ability of the bacteria to employ an intracellular niche (Boschwitz et al., 1997a; 

Ewanowich et al., 1989; Hellwig et al., 1999; Saukkonen et al., 1991). It was 

previously thought that B. pertussis was exclusively an extracellular pathogen 

with humoral immunity mediating protection against infection. The discovery 

that B. pertussis had an intracellular phase suggested that cellular immunity may 

also be required for complete elimination of the bacteria. It has been confirmed 

by a number of groups that B. pertussis can invade and survive within 

mammalian cells including macrophages, PMNs and respiratory epithelial cells 

(Ewanowich et al., 1989; Hellwig et al., 1999). Although it has been reported that 

B. pertussis is rapidly killed in human neutrophils, survival of B. pertussis has 

been demonstrated in macrophages and has been linked to inhibition of killing 

mechanisms of B. pertussis by ACT (Masure, 1993; Mouallem et al., 1990; Steed 

et al., 1992). This was confirmed in the present study, which showed rapid 

killing of B. pertussis in human neutrophils with intracellular bacterial numbers 

declining rapidly in neutrophils infected with B. pertussis. B. pertussis has also 

been found in macrophages recovered from the BAL fluid of AIDS patients 

(Bromberg et al., 1991).

Previous studies have demonstrated that B. pertussis may be taken up and 

can survive within macrophages and neutrophils. There is also circumstantial 

evidence that macrophages play a role in protection mediated by Thl cells. The 

results of this study demonstrate that macrophages induce a diverse array of 

cytokines and chemokines, both inflammatory and anti-inflammatory in response 

to infection with B. pertussis, with optimum cytokine and chemokine secretion 

occurring when macrophages were stimulated with 10  ̂bacteria/ml. Chemokines 

play an important role in recruitment of cells including macrophages, neutrophils
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and lymphocytes to sites of infection. Results show that chemokine production is 

rapidly induced in the lungs after infection of mice with B. pertussis. M IP -la , 

MIP-1(3 and MIP-2 production peak 4 hours after infection, then decline reaching 

pre-infection levels 7 days after infection. M IP -la , M IP -ip  and MIP-2 are 

associated with the recruitment of phagocytic cells to sites o f infection. M IP -la  

and M IP-ip  are macrophage chemoattractants, whereas MIP-2 is chemotactic for 

NK cells. M IP -la  has also been shown to exert chemotactic effects on 

neutrophils and NK cells (Davatelis et al., 1989; Loetscher et al., 1996; Taub et 

al., 1995) however there is little evidence to support a role for M IP-a  in 

recruitment of these cells in vivo. In a study by Zeng et al., intrapulmonary 

transgenic expression of M IP -la  augmented bacterial clearance from the lung 

and was associated with increased neutrophils influx as well as significant NK 

cell recruitment and activation (Zeng et al., 2003).

Although these 3 chemokines showed similar kinetics of production, the 

kinetics of macrophage and neutrophils infiltration into the lungs of B. pertussis 

infected mice were different. Neutrophils infiltration is acute and transient with 

increased numbers detected 5-7 days after aerosol or intranasal challenge, 

peaking 14 days after infection. In contrast, macrophage numbers peak 5 days 

after challenge, and remain elevated for up to 4 weeks when bacterial numbers 

have reduced to low levels in the lung (Khelef et al., 1994; McGuirk and Mills, 

2000b). In contrast to M IP -la , MIP-1(3 and MIP-2 whose levels are augmented 

shortly after infection and quickly return to pre-infection levels, RANTES is 

expressed constitutively in the lungs of naive mice. RANTES levels decline 

shortly after infection, increase slowly above basal levels, peaking 14 days after 

infection. Interestingly, RANTES has been shown to be chemotactic for NK 

cells, which are recruited into the lungs later in infection than macrophages and 

lymphocytes.

Infection of mice immunized with pertussis vaccines induced transient 

expression of M IP -la , MIP-1(3 and MIP-2 in the lungs, detectable in both the 

lung tissue and BAL fluid. Pw is typically associated with an inflammatory 

response with cellular infiltration and increased IL -ip  production and the 

induction of antigen specific T hl cells. In contrast the Th2 inducing Pa is
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associated with an anti inflammatory response with Httle cellular infiltration and 

increased IL -lra  and IL-6 production (McGuirk and Mills, 2000b). However, the 

results of this study demonstrate that both Pa and Pw induce inflammatory 

chemokines in the lungs and BAL fluid. Furthermore, the chemokines M IP -la  

and M IP-ip  are associated with a T hl response, but are induced in higher 

concentrations in the lungs and BAL fluid of mice immunised with the Th2- 

inducing Pa vaccine.

IFN-y has been shown to play an important role in immunity to B. 

pertussis with bacterial infection of IFN-yR'^’ mice resulting in an atypical 

disseminated disease. IFN-y is one of the most potent activators of the inducible 

nitric oxide synthase (iNOS) in murine macrophages (Ding et al., 1988). Nitric 

oxide (NO) production is one of the principle mechanisms of macrophage killing 

o f bacteria (Nathan and Hibbs, 1991). Production of NO by activated murine 

macrophages has been implicated as an antimicrobial effector mechanism against 

several pathogens, including S. mansoni (James and Glaven, 1989), and Listeria 

monocytogenes (Beckerman et al., 1993). The results of this study have shown 

that IFN-y enhanced the bactericidal activity of both human and murine 

monocyte/macrophages. In human monocytes, the effect was more pronounced, 

with addition of IFN-y to the culture resulting in complete killing of intracellular 

bacteria. This appeared to be partly dependent on NO production as co

incubation with L-MNAA, a NO inhibitor partially reversed the effect of IFN-y. 

It has been shown that activation of macrophages in Pw immunized mice, is 

associated with the induction of NO synthesis by macrophages in response to in 

vitro stimulation with B. pertussis. The induction of NO in macrophages also 

correlated with protection in the mouse intracerebral challenge model, providing 

further evidence that macrophages are involved in protective immunity to B. 

pertussis (Xing et al., 1998)

A number of studies have examined the role of macrophages in infections 

by depleting macrophages using a liposome mediated macrophage suicide 

technique developed by Nico van Rooijen (Van Rooijen, 1989). Liposome 

encapsulated CI2MDP can be administered by a variety of routes depending on 

the population of macrophages to be depleted. M acrophages ingest the liposomes
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and are destroyed by the drug, which is released from the liposomes after 

destruction of the phospholipid bilayers under the influence of lysomal 

phospholipids (Van Rooijen et al., 1990). A role for macrophages has been 

demonstrated in measles virus infection where they can function not only by 

supporting viral replication early in infection, but also contribute to protection of 

other immune cells from infection (Roscic-Mrkic et al., 2001). Macrophages 

have also been shown to play a critical role in the elicitation of pulmonary 

immune fibrosis (Zhang-Hoover et al., 2000) and treatment with liposome 

encapsulated CL2 MDP has been shown to be a effective in a murine model of 

immune thrombocytopenic purpura, an autoimmune disease associated with the 

presence of elevated levels of platelet associated antibodies (Alves-Rosa et al., 

2000).

In this study, alveolar macrophages were depleted via intratracheal 

instillation of liposome encapsulated CI2 MDP into IFN-yR'^' and 129Sv/Ev mice. 

Intratracheal administration of CL2 MDP selectively depletes alveolar 

macrophages by apoptosis without damaging other cell types in the lung (Naito 

et al., 1996; Thepen et al., 1989; Van Rooijen and Sanders, 1994; van Rooijen et 

al., 1996). B. pertussis infection of IFN-yR'^’ mice results in disseminated 

infection with B. pertussis detected in the blood and the liver. Infection is also 

associated with pyogranulomatous inflammation and infiltration of macrophages 

and neutrophils to alveolar septae and lumen in the lungs. It was thought that 

macrophages might play a role in the transport o f B. pertussis out of the lungs to 

other organs, consequently, it was expected that macrophage depletion would 

result in a reduction in bacterial numbers in the livers and blood o f IFN-yR'^' 

Therefore, it seems plausible that macrophages may serve as the vector for B. 

pertussis dissemination. The present results demonstrated that macrophage 

depletion had no effect on the course of infection in the lungs o f either IFN-yR '̂ ' 

or 129Sv/Ev mice. Macrophage depletion had no effect on B. pertussis 

dissemination in IFN-yR'^' mice In contrast, macrophage depletion resulted in 

bacterial dissemination in control 129Sv/Ev mice suggesting that other 

phagocytic cells such as neutrophils or DCs may transport bacteria out of the 

lungs and that in the absence of macrophages or IFN-y to activate the
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macrophages the bacteria disseminate, either in neutrophils, DCs or in cell free 

systems

Macrophage depletion in mice immunized with pertussis vaccines and 

infected with B. pertussis demonstrated that macrophages partially played a role 

in the immune effector mechanisms and regulates the induction of cellular 

responses during infection. Depletion of macrophages from mice immunized 

with Pa and Pw resulted in a reduction in the antigen-specific T cell responses 

after infection with B. pertussis. Macrophages play an important function as 

APCs in cell mediated immunity, processing and presenting antigen to T cells. 

Therefore macrophage depletion may have resulted in a reduction in the number 

of APCs available to present antigen, thereby decreasing the antigen specific T 

cell response. Macrophage depletion was also associated with a delay in 

bacterial clearance from the lungs of immunized mice. In B. pertussis infections, 

macrophages appear to play a protective role. However, studies in other infection 

models have shown macrophage depletion to be beneficial. In a study by 

Leemans et al., depletion of alveolar macrophages resulted in protective effects 

in pulmonary tuberculosis, with a reduced outgrowth of mycobacteria in the 

lungs and liver (Leemans et al., 2001).

In summary the results of this chapter have demonstrated a role for 

macrophages in both innate and adaptive immunity to B. pertussis. In innate 

immunity, phagocytosis and killing of B. pertussis by macrophages is enhanced 

by IFN-y, which induces the production of NO, a bactericidal factor of 

macrophages. Macrophages also induce a diverse array o f cytokines and 

chemokines which have inflammatory properties and recruit inflammatory cells 

to the lung during infection. It was shown that macrophages confine bacteria to 

the lung during B. pertussis infection and that other phagocytic cells function in 

the transport of B. pertussis to secondary infected organs. The role of 

macrophages as APCs in the activation of adaptive immunity to B. pertussis was 

also highUghted.
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Figure 5.1 Cytokine production by peritoneal macrophages after 

stimulation with B. pertussis. Peritoneal macrophages were stimulated with B. 

pertussis concentrations ranging from 10  ̂to lO’ or medium (0) for 4 or 24 hours. 

Cytokine concentrations in supernatants were determined by ELISA.
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Figure 5.2 Chemokine production by peritoneal macrophages after 

stimulation with B. pertussis. Peritoneal macrophages were stimulated with B. 

pertussis concentrations ranging from 10  ̂to 10  ̂or medium (0) for 4 or 24 hours. 

Chemokine concentrations in supernatants were determined by ELISA.

135



100-1
Neutrophil

T cell

80- Macrophages

60 -O

Cs
40 -

U

20 -

0  0.4  1 1 4 7 10 14 21 28

Days post infection

Figure 5.3 Infection with B. pertussis is associated with inflltration of 

macrophages, neutrophils and lymphocytes. BALB/c mice were challenged 

with B. pertussis by aerosol exposure. Before challenge and at intervals after 

infection broncheoalveolar lavage was performed and the cellular infiltrate was 

examined in the BAL fluid by FACS analysis using antibodies specific for 

macrophages, T cells, neutrophils.
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Figure 5.4 Chemokine production in lung of mice infected with B. pertussis. 

BALB/c mice were challenge by aerosol exposure to B. pertussis. At intervals 

after infection lungs were isolated and chemokine concentrations in BAL fluid 

was determined by ELISA. ***, P < 0.001 versus uninfected (Day 0)
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Figure 5.5 Kinetics of chemokine production in lungs of mice immunised 

with pertussis vaccines and infected with B. pertussis. Mice were immunized 

twice i.p. with Pa, Pw or PBS and challenged with B. pertussis two weeks after 

the second immunization. Broncheoalveolar lavage (BAL) was performed on 

lungs and lavage fluid collected. M IP-la, M IP-ip and MIP-2 concentrations in 

BAL fluid were assessed by ELISA. Results are representative of pooled BAL 

fluid samples, from 4 mice per group at each time point
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Figure 5.6 Chemokine production in lung tissue of immunized mice 4 hours 

after infection with B. pertussis. Mice were immunized twice i.p. with Pa, Pw 

or PBS and infected with B. pertussis two weeks after the second immunization. 

Lungs were removed 4 hours after challenge and M IP-la, M IP-ip and MIP-2 

concentrations in lung tissue were assessed by immunoassay. Results are 

expressed as mean (± S.E.) concentrations for 4 mice per group. *, **, ***, P < 

0.05, P < 0.01 and P < 0.001 respectively versus lung tissue of naive non infected 

mice
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Figure 5.7 Chemokine production in broncheoalveolar lavage fluid of 

immunized mice 4 hours after infection with B, pertussis. Immunized and 

infected as described in Figure 5.6. Broncheoalveolar lavage (BAL) was 

performed on lungs 4 hours after challenge and lavage fluid collected. M IP-la, 

M IP-ip and MIP-2 concentrations in BAL fluid were assessed by immunoassay. 

Results are expressed as mean (± S.E.) concentrations for 4 mice per group. *, 

**, ***, P < 0.05, P < 0.01 and P < 0.001 respectively versus BAL fluid of naive 

non infected mice.
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Figure 5.8 Effect of macrophage depletion on clearance of primary B. 

pertussis infection in 129Sv/Ev and IFN-yR’̂ ' mice. Alveolar macrophages 

were depleted from 129Sv/Ev mice (A) and IFN-yR'^' (B) mice by intratracheal 

instillation of clodronate liposomes (CI2), PBS encapsulated liposomes (L-PBS) 

or PBS 5 days before B. pertussis challenge and at 7 day intervals over the course 

of the experiment. CFU counts were performed on individual lung homogenates 

at intervals after challenge. Results are expressed as mean (± SE) viable B. 

pertussis counts from 4 mice per group at each timepoint.
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Figure 5.9 Depletion of alveolar macrophages results in dissemination of 

bacteria to peripheral organs in 129Sv/Ev mice after challenge with B. 

pertussis. 129Sv/Ev mice and IFN-yR'^" mice were depleted of alveolar 

macrophages as described in Figure 5.8 and challenged with B. pertussis by 

aerosol exposure. 10 days after infection, blood was removed via retro-orbital 

bleed and liver was isolated. Bacterial dissemination was determined by 

performing CFU counts on neat blood (A) and liver homogenate (B) plated onto 

blood agar plates. Results are expressed as the mean viable B. pertussis (±SD) 

count from 4 mice per group.

142



7 5

2 5 0 

2 0  0 -  

1 5  0 -  

1 0 0 

5 0 - 1  

0

1 0 

8

6 H

4 

2 

0

A - Supernatant

B -  untreated macrophages

C -  polymyxin B and gentamycin treated macrophages

Control 129 
+ medium

IFN-yR 
+ medium

IFN-yR'- 
+ IFN-y

Figure 5.10 IFN-y enhances the phagocytic activity and killing of B.

pertussis in murine macrophages. Peritoneal macrophages isolated from 

129Sv/Ev and IFN-yR '̂’ mice were incubated with IFN-y or medium prior to 

infection with B. pertussis. Bacteria added to medium with no cells served as 

control. After stimulation with B. pertussis, supernatant was removed and 

macrophages were treated with polymyxin B and gentamycin (C). Bacterial load 

in supernatant (A), untreated macrophages (B) and polymyxin B and gentamycin 

treated macrophages (C) were determined by performing CFU counts on lung 

homogenates.
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Figure 5.11 IFN-y enhances phagocytic activity and killing of B. pertussis 

in human peripheral blood mononuclear cells. PMNL were isolated from 

human blood and incubated at 2 x 10  ̂with IFN-y (50 ng/ml) or medium for 1 

hr. B. pertussis (2x10^) or B. pertussis and L-MNAA (l|xM/ml) were added 

and cells incubated for a further 2 hrs. Unstimulated mononuclear cells and 

PMNL were incubated with B. pertussis alone. Cell suspensions were then 

treated with polymyxin B and gentamycin, incubated for 1, 2, or 3 hours and 

then plated onto blood agar plates. Bacteria added to medium with no cells 

served as control. CFU were counted on plates after 4 days.

144



0 3 7 10 14

Days post challenge

Figure 5.12 Macrophage depletion decreases the protective efficacy of Pw.

BALB/c mice were immunized twice with Pw or PBS 4 weeks apart and 

challenged by aerosol inoculation with B. pertussis 2 weeks after the second 

immunization. 7 days before challenge and every 7 days over the course of the 

study immune mice were treated intratracheally with either clodronate 

encapsulated liposomes (CI2 ) or PBS encapsulated liposomes. CFU counts were 

performed on individual lung homogenates at intervals after challenge. Results 

are expressed as mean (± SE) viable B. pertussis counts for 4 mice per group. **, 

P < 0.01, ***, P < 0.001 Cl2 -encapsulated liposomes versus PBS-encaplulated 

liposomes.
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Figure 5.13 M acrophage depletion delays bacterial clearance after B. 

pertussis  infection of mice immunized with Pa. BALB/c mice were immunized 

twice with Pa or PBS 4 weeks apart and challenged by aerosol inoculation with 

B. pertussis 2 weeks after the second immunization. 7 days before challenge and 

every 7 days over the course of the study immune mice were treated 

intratracheally with either clodronate encapsulated liposomes (CI2 ) or PBS 

encapsulated liposomes. CFU counts were performed on individual lung 

homogenates at intervals after challenge. Results are expressed as mean (± SE) 

viable B. pertussis counts from four mice per group. ***, P < 0.001 CI2 - 

encapsulated liposomes versus PBS-encaplulated liposomes.
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Figure 5.14 Effect of macrophage depletion on antigen-speciflc cytokine 

production after B. pertussis challenge of mice immunized with pertussis 

vaccines. BALB/c mice were immunized twice i.p. with Pw, Pa or PBS four 

weeks apart and challenged by aerosol inoculation with B. pertussis 2 weeks after 

the second immunization. 5 days before challenge and 7, 14 and 21 days after 

challenge, immune mice were treated intratracheally with either clodronate 

encapsulated liposomes (CI2) or PBS encapsulated liposomes (L-PBS). Mice 

immunized with PBS and infected with B. pertussis acted as controls. Spleen cells 

(2x10^) isolated at 3 (A) and 10 days (B) after challenge were stimulated with 

FHA (1 |J,g/ml), PT (1 M-g/ml) and sonicated B. pertussis (IxlO^/ml) and IL-5 and 

IFN-y concentrations in supernatant were evaluated after 72 hours.
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6.1 Introduction

The innate and adaptive immune responses both contribute to host 

defences, against intracellular pathogens. An effective adaptive immune response 

depends on interactions with cells of the innate immune system, antigen 

presentation and clonal expansion of T and B cells. Because these processes may 

require weeks to develop, effective innate immunity is required to protect the 

host during this period. Due to their rapid action, NK cells play a critical role in 

the first line of defence against certain bacterial, parasitic and viral pathogens 

(Trinchieri, 1989), as well as playing a major effector function and regulatory 

role in anti-viral defence (Biron et al., 1999). NK cells are large granular 

lymphocytes which are derived from the bone marrow and display non-MHC 

restricted cytotoxicity against a variety of infected cells (Karre, 1997). Human 

NK cells comprise of approximately 15% of all lymphocytes and are defined 

phenotypically by their expression of CD56 and lack o f expression of CD3 

(Robertson and Ritz, 1990). Almost 15 years ago, it was recognised that 2 

distinct populations of human NK cells could be identified, based on their cell 

surface density of CD56 (Lanier et al., 1986). The majority o f human NK cells 

(around 90%) have low-density expression of CD56 (CD56‘̂‘"’) and high levels of 

Fey receptor III (FcyRIII, CD 16), whereas the remainder of NK cells are 

CD56‘’"®̂ ‘CD16‘*™ or CD56‘’"®̂ ‘CD16' (Cooper et al., 2001). Although murine 

NK cells resemble their human counterparts in many respects, they do not 

express a murine homologue of CD56. Natural killer T cells also express CD56 

and other NK cell associated molecules but differ to NK cells in theit expression 

of CDS (Assarsson et al., 2000).

NK cells are thought to play a major role in host defence due to their 

ability to sense and remove cells that have lost MHC class 1 molecules or cells 

that express insufficient amounts of MHC class I molecules (Moretta et al., 

1996). NK cells express a number of inhibitory receptors specific for MHC class 

I molecules and interaction with cells expressing normal levels of MHC class I 

molecules leads to inactivation of NK cells (Lanier, 1998; M oretta et al., 2002) 

Ly-49 receptor is the major family of NK cell receptors specific for classical 

MHC class I molecules in the mouse (Sundback et al., 2002). Ly-49 receptors
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belong to the C-type lectin like family and are type II proteins. Although they are 

homologous to C-type lectins, they do not bind ^^Ca and lack the carbohydrate- 

binding motif present in other C-type lectins (Weis et al., 1998).

The function of NK cells is enhanced by cytokines, especially IFN a  and p. 

In the early response to infection by certain microorganisms, IFN are produced 

co-ordinately at the site of infection and the kinetics of IFN production correlates 

with the activity of NK cells (Biron, 1998). Several murine models have shown 

NK cell-derived cytokines to be critical in the early response against obligate 

intracellular pathogens, such as Toxoplasma gondii (Gazzinelli et al., 1993), 

Listeria monocytogens (Unanue, 1997) and Leishmania major (Diefenbach et al., 

1998). In these models, the pathogens are thought to activate NK cell cytokine 

production indirectly through their induction of IL-12.

It is well known that NK cells are potent producers o f IFN-y in response to 

different extracellular signals. In particular, IL-2, IL-12, IL-18 and T N F -a are 

thought to be potent inducers or co-inducers of IFN-y mRNA expression in NK 

cells (Hayakawa et al., 1991; Hunter, 1997; Okamura et al., 1995; Ye et al., 

1995). IFN-y is an immunoregulatory cytokine that is primarily produced by T 

cells but also by NK cells. IFN-y has a number o f effects on the immune system. 

IFN-y enhances T h l cell growth, inhibits Th2 cell growth (Gajewski and Fitch, 

1988), induces macrophage cytotoxicity (Schultz and Kleinschmidt, 1983), 

enhances activity o f CD8'^ T cells and NK cells, upregulates the expression of 

MHC molecules, and stimulates B cell IgG2a production (Germann and Rude, 

1995; Snapper et al., 1988b). A number of clinical conditions are associated with 

overexpression of in IFN-y expression. Aberrant IFN-y expression in transgenic 

mice may result in diabetes (Sarvetnick et al., 1988), retinal degeneration 

(Egwuagu et al., 1994) and chronic hepatitis (Toyonaga et al., 1994).

IFN-y has been shown to be of particular importance in immunity to B. 

pertussis. Protective immunity induced by previous infection and immunization 

with Pw can protect against the whooping cough and the superior protection 

induced with Pw vaccines compared with Pa is associated with the production of 

IFN-y. Adoptive transfer of CD4'^ T hl cells from convalescent mice conferred 

protection against B. pertussis infection in T cell deficient mice, providing
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evidence that IFN-y producing T cells play a significant role in protection (Mills 

et al., 1998b). Further evidence for a role for IFN-y in immunity to B. pertussis 

comes from studies in IFN-y’̂ ' and IFNyR’̂’ mice. B. pertussis infection of IFN- 

yR’̂ ’ mice results in an atypical disseminated disease which was lethal in 30% of 

mice (Mahon et al., 1997b). Although IFN-yR"' '̂ mice that survived the infection 

cleared bacteria from lungs at the same rate as the wild type mice, the rate of 

clearance was reduced following secondary infection (Mahon et al., 1997a; Mills 

et al., 1998a). This demonstrates an important role for IFN-y in confining the 

bacteria to the respiratory tract during infection of naive animals. B. pertussis 

infection in IFNy^' mice and mice which were depleted of IFN-y using anti-IFN- 

y monoclonal antibodies resulted in greater numbers of bacteria recovered from 

the lungs than in infected, control BALB/c mice, although IFNy-depleted mice 

and I F N - ym i c e  could subsequently clear the infection (Barbie et al., 1997).

Infection in naive BALB/c mice results in bacteria multiplying in the 

lungs, with numbers peaking at 7-10 days post infection and then slowly 

declining. As cell mediated immunity and humoral immunity against B. pertussis 

infection take a few weeks to develop, the host relies on the innate immune 

system to control the infection during this period. B. pertussis infection of nude 

mice results in a chronic infection but no dissemination yet IFN-yR’̂ ' mice are 

associated with disseminating infection which is not chronic. Therefore early 

IFN-y which prevents bacterial dissemination is not T cell derived. IFN-y is 

produced in the lungs of naive mice early after infection with B. pertussis 

(Higgins et al., 2003; Torre et al., 1993). In this study the components of the 

immune system, which contribute to early IFN-y were examined by performing 

intracellular cytokine staining on cells that infiltrate into the lungs during 

infection. Depletion of IFN-y producing NK cells allowed a definition of the role 

of the innate cells in the early protective immune response to B. pertussis.
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6.2 Results

6.2.1 NK and NT cell recruitment into lung during respiratory infection

with B. pertussis

In order to examine the effector cells present in the lung during infection 

with B. pertussis, a study examining the kinetics of cellular infiltration into the 

lungs during B. pertussis infection was carried out. BALB/c mice were infected 

with B. pertussis by aerosol inoculation. Before challenge and at intervals after 

infection (0.4 days -  28 days) mice were sacrificed and broncheoalveolar lavage 

(BAL) was performed. Flow cytometry analysis was performed on cells 

recovered from BAL fluids using antibodies specific for DCs (FITC -  CD3), 

macrophages (FITC -  F4-80), NK cells (PE -  PAN-NK), neutrophils (FITC -  

RB-6) and NT cells (FITC -  CD3 and PE -  PAN-NK).

Before challenge, the lungs of naive mice had low levels of NK cells, NT 

cells and T cells with higher levels of macrophages, neutrophils and DCs present. 

Within 6 hours of B. pertussis infection, effector cells are undetectable in the 

lungs possibly due to cell death resulting from the rapid influx and multiplication 

of bacteria in the lungs. Cell infiltration in the lungs was detected after 4 days. 

Neutrophils infiltration is rapid and transient, peaking 10 days after infection. 

Macrophage influx increases slowly, peaking 10 days after infection. 

Macrophage numbers remain elevated and decline in numbers 28 days after 

infection. The numbers of DCs in the lungs of infected mice increase transiently 

4-7 days after infection, drop again 10 days after infection at which time an 

increase in T cell numbers is observed. As T cell numbers decrease to pre

infection levels, an increase in infiltrating DCs is observed again, peaking 14 

days after infection (Figure 6 .1 A).

NK and NT cells are not detected in the lungs of B. pertussis infected 

mice until later in infection, approximately 10 days after challenge (Figure 6.1 

B). NT cell numbers increase slowly peaking 21 days after infection and return to 

pre-infection levels by day 28. NK cell influx is rapid, peaking 14 days after 

infection and returns to pre-infection levels.
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6.2.2 Intracellular IFN-y production by NK cells

During primary infection of naive mice with B. pertussis, cellular and 

humoral immunity do not play a major role in protection early in the infection. 

Cell mediated immunity and humoral immune response are not detected in 

primary infection with B. pertussis until 3 and 5 weeks after challenge 

respectively. Therefore, other effector mechanisms are in place early in infection, 

which protect the host during the acute phase of the infection. It has been 

reported that early IFN-y production protects in a number of infection models 

(Tseng and Rank, 1998). It has also been shown that IFN-y is produced in the 

lung early in infection with B. pertussis (Higgins et al., 2003; Torre et al., 1993). 

This study examined the effector cells producing IFN-y early in respiratory 

infection with B. pertussis. BALB/c mice were infected with B. pertussis by 

aerosol exposure. 7 and 14 days after challenge, IFN-y production was examined 

in the lungs of naive and infected mice by intracellular staining. Cells recovered 

from BAL were double stained with antibodies specific for IFN-y and for T cells, 

DCs, macrophages, neutrophils and NK cells to determine the cell type 

responsible for IFN-y production.

The results demonstrate an increase in IFN-y production by several cell 

types including T cells, DCs, macrophages and NK cells in the lungs 14 days 

after challenge (Figure 6.2). With the exception of T cells an increase in the 

percentages of cell types in lung tissue were observed in infected nice compared 

to naive mice, with a 5.04 % increase in DCs, 8.4 % in macrophages, 4.98 % in 

neutrophils and 18.4 % in NK cells observed. However, NK cells and 

macrophages appeared to be the most potent producers o f intracellular IFN-y in 

infected mice with 13.65 % of PAN-NK expressing cells and 7.10 % of F4-80 

expressing cells producing IFN-y 14 days after infection with B. pertussis.
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6.2.3 Respiratory infection of mice depleted of NK cells with B. pertussis

results in an atypical disseminating and prolonged infection

Having established that NK cells were producing IFN-y in the early

stages of infection with B. pertussis, mice were depleted of NK cells to examine 

the role of NK cell derived IFN-y in protection against infection. NK cells were 

depleted using a commercially available antibody specific for asailo ganglio-N- 

tetraosylceramide (asailo-GM l), a cell surface component expressed at high 

levels on NK cells (Godshall et al., 2003). BALB/c mice were injected with 30 

fig of asailo-GM l 5 days before respiratory infection with B. pertussis and every 

5 days over the course o f the study. CFU counts were performed on individual 

lung homogenates recovered from control and NK cell depleted mice at intervals 

after infection (Figure 6.3). In control mice, bacteria multiplied in the lungs, 

peaked 7 days after infection and slowly began to decline. In contrast, NK cell 

depleted mice display a more protracted infection. Bacteria peak 7 days after 

infection, however, bacterial numbers in the lungs of NK cell depleted mice 

remain elevated over the course of the study. Interestingly, B. pertussis proved to 

be fatal in a number of NK cell-depleted mice. This observation was made in 3 

separate studies.

Bacterial load was determined in blood recovered via retro-orbital bleed 

and in liver homogenates to examine bacterial dissemination to secondary 

organs. Depletion of NK cells with asailo-GM l antibody resulted in bacterial 

dissemination to blood and liver 7-14 days after infection with B. pertussis 

(Figure 6.4). This is comparable to a study in IFN-yR deficient mice, which 

exhibited an atypical disseminated disease after infection with B. pertussis 

(Mahon et al., 1997b).

6.2.4 Depletion of NK cells alters the immune response induced by 

respiratory infection with B. pertussis.

Spleen cells (2 x 10^) from B. pertussis infected treated and NK depleted 

mice were stimulated with sonicated B. pertussis (Bps - 1 and 5 |xg/ml) and
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formalin treated B. pertussis (FBp - 1 and 5 |J-g/ml) for 72 hours and the T cell 

cytokine responses were evaluated by ELISA. Spleen cells from untreated B. 

pertussis infected mice produced cytokines predominantly of the Thl subtype 

when stimulated with both doses of sonicated B. pertussis and the higher dose of 

formalin treated B. pertussis 14 days after infection (Figure 6.5 A & B). 

Depletion of NK cells appeared to switch the immune response to B. pertussis to 

a more Th2 subtype with enhanced IL-5 production and reduced IFN-y 

production. 21 days after infection IFN-y levels in NK cell depleted mice are 

comparable to those in control mice; however IL-5 levels remain elevated in NK 

cell depleted mice (Figure 6.5 C & D).

6.2.5 Depletion of NK cells promotes IgG l antibodies specific for B.

pertussis

T cell responses in B. pertussis infected NK cell depleted mice suggested 

a shift from the predominant Thl response to the th2 phenotype. Antibody 

production in serum was examined for any evidence of a switch in antibody 

subclass in NK cell depleted mice. Serum was recovered from mice before 

challenge and at 14 and 21 days after infection and antibody responses to heat 

inactivated B. pertussis was examined by ELISA. Very low levels of IgG are 

present in serum 14 days after infection of naive mice, increasing to significant 

levels at 21 days (Figure 6.6A). Antibody production was higher, especially on 

day 21 in mice depleted of NK cells. Infection of naive mice induces antibody 

production predominantly of the IgG2a subclass, which is with the Thl response 

detected by cytokine production. Depletion of NK cells by asailo-GMl resulted 

in a significant enhancement of IgGl production and little effect on IgG2a. The 

overall effect was a switch from predominant IgG2a to predominant IgGl which 

is consistent with the enhanced Th2-type response in NK-depleted mice (Figure 

6.6B).
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6.2.6 Reduced NK cell activity in mice treated with anti asailo-GMl

In order to confirm that NK cells were depleted in anti asailo-GM l 

treated mice spleen cells were also examined for NK cell activity 14 and 21 days 

after infection, using ^'Cr release assay with YAC-1 cells as targets. Spleen cells 

(2 X 10^) were cultured with 500U/ml rIL-2 for 72 hrs. After incubation ^'Cr 

labeled YAC-1 cells were cultured with effector cells at effector to target ratio of 

100, 50 and 25:1. Following incubation for 4 hours, lysis o f YAC-1 cells was 

determined by measuring ^'Cr release into the supernatant. Results are expressed 

as % specific lysis. Spleen cells from mice depleted of NK cells exhibited a 

reduction in NK cell activity compared to control mice at both 14 and 21 days 

(Figure 6.7) after infection, indicating that NK cell activity is reduced in these 

mice.

6.2.7 NK cell mediated IFN-y production in response to B, pertussis is

dependent on IL-12.

Having established that IFN-y production by NK cells is important in 

protection against B. pertussis infection, the mechanisms of IFN-y production 

were studied. IL-12 has a variety of biological properties, including stimulating 

IFN-y production from T cells. Thus, it is considered to be an important cytokine 

in directing T h l responses. Co-administration of IL-12 with the Th2 inducing Pa 

in mice enhanced IFN-y producing T cells (Mahon et al., 1996). The role of IL- 

12 on NK cell derived IFN-y production was evaluated. The human NK cell line, 

NKL was used to examine whether IL-12 had an effect in IFN-y production. 

NKL cells (2 x 10^) were stimulated with B. pertussis in combination with rIL-12 

(10 ng) and LPS for 72 hours. NKL cells stimulated with LPS served as the 

positive control. IFN-y production was evaluated by ELISA (Figure 6.8). NKL 

cells alone produced low levels of IFN-y. Co-incubation with either B. pertussis 

or IL-12 did not have any effect on NK cell induced IFN-y. However co

incubation with IL-12 and B. pertussis, slightly enhanced IFN-y production. To
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confirm that IFN-y production was driven by IL-12 production, spleen cells from 

naive mice were stimulated with sonicated B. pertussis and LPS alone or on the 

presence of anti-mouse IL-12 and IFN-y production was determined by ELISA 

after 72 hours (Figure 6.9). B. pertussis stimulated spleen cells produced IFN-y, 

particularly in response to sonicated B. pertussis and this response was dependent 

on IL-12. Addition of anti-mouse IL-12 to the culture abrogated IFN-y 

production, suggesting that NK cell derived IFN-y production is dependent on 

IL-12.

6.2.8 IFN-y production is dependent on DC induced IL-12 production.

It has been extensively documented that IL-12 is produced by 

macrophages and DCs and is involved in the differentiation of T h l cells, and 

enhances the production of IFN-y from T h l cells. Here, we examine whether IL- 

12, which promotes IFN-y production early in infection with B. pertussis, is 

macrophage or DC derived. Macrophages (2 x 10^) and bone marrow derived 

dendritic cells (BMDC; 2 x 10^) were incubated with B. pertussis (0, 10^ -  10^) 

for 24 hours. Following incubation, naive spleen cells (2 x 10^) were stimulated 

with 20 % of the supernatant from macrophages or DCs, alone or in the presence 

of anti-IL-12. Spleen cells and bacteria alone served as controls. Naive 

unstimulated spleen cells produced low levels of IFN-y in response to B. 

pertussis. Spleen cells stimulated with supernatant from macrophages failed to 

produce IFN-y. In contrast, supernatant from B. pertussis stimulated DCs induced 

IFN-y production after by spleen cells. This was dependent on B. pertussis 

induced IL-12 in the DC culture supernatant as incubation of spleen cells with 

supernatant in the presence of anti-IL-12 reduced IFN-y production to levels 

comparable to those of spleen cells alone (Figure 6.10).

1
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6.3 Discussion

It is becoming increasingly clear that innate immune responses are not only 

important in the control of the early stages of infection but they also have an 

influence on the adaptive immune response and the persistence or resolution of 

infection. In B. pertussis infections, IFN-y producing T cells are observed 

concomitantly with the resolution of infection. Previous reports indicate that 

CD4'^ T cell are not detected until 3 weeks after challenge suggesting that they do 

not play a role as the source of early IFN-y in B. pertussis infection. In a study by 

Mahon et al., evidence o f disseminating infection in IFN-yR-/- mice prior to the 

development of B. pertussis specific T cell responses indicated that IFN-y 

produced by cells of the innate immune response such as yd  T cells or NK cells 

played an important part in containing B. pertussis in the lung in the initial stages 

of infection (Mahon et al., 1997b).

NK cells have a well-established role in host defence against 

malignancies, viral and parasitic infections however their function in bacterial 

infections remains poorly defined. The results of this study provide evidence of a 

role for IFN-y and NK cells in the immune response against B. pertussis 

infection. Infection with B. pertussis is accompanied with inflammatory infiltrate 

in the lungs. Previous reports have demonstrated an influx of macrophages, 

neutrophils and lymphocytes into the lungs after infection with B. pertussis 

(Khelef et al., 1994; McGuirk and Mills, 2000b) however infiltration o f NK cells 

had yet to be examined. Results of this study demonstrated that infection is 

accompanied by an infiltration of NK cells as well as NKT cells and intracellular 

IFN-y staining of the cells of the lung provided evidence that IFN-y produced 

early in infection with B. pertussis to be NK cell derived. It is well known that 

NK cells are potent inducers of IFN-y in response to a number of pathogens. T hl 

cytokines such as IL-2, IL-12 and IL-18 enhances IFN-y production by NK cells 

(Biron et al., 1999). A role for NK cells in protection against chlamydial genital 

infection (Tseng and Rank, 1998) and chlamydial respiratory infection (Williams 

et al., 1993) has been linked to the production of early IFN-y.
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Since the data strongly indicate that NK cells are a major source of IFN-y 

early in B. pertussis infection, it was predicted that the depletion of NK cells 

would alter the course of B. pertussis infection. Mice were depleted of NK cells 

by treatment with anti asailo G M l antibody. Although asailo G M l is expressed 

on both NKl.l"^ CD3' (NK cells) and NKl.l"^ CDS"  ̂ (NKT cells) expressing cells, 

treatment with asailo-GM l antibody leaves NT cells relatively unaffected while 

efficiently eliminating NK ceils. NK cell activity measured by an in vitro ^'Cr 

release assay using YAC-1 lymphoma as the target cell confirmed depletion of 

NK cells. As expected, depletion of NK cells modified the course of B. pertussis 

infection resulting in a protracted infection. The demonstration of B. pertussis in 

liver and blood indicate an important role for NK cells in confining B. pertussis 

to the lung. This, together with previous reports demonstrating disseminating B. 

pertussis infection in IFN-yR'^' mice suggests that NK cell derived IFN-y is 

responsible for early protection against infection and prevents bacterial 

dissemination. Although NK cells are not known to directly kill bacteria, 

important interactions between NK cells and macrophages, with subsequent 

macrophage activation may explain these results.

NK cells appear to be not only important in early elimination of 

pathogens but also in the development of antigen specific memory responses, 

since NK ceil deficiencies are associated with recurrent infections in both 

humans and mice (de Vries et al., 1996; Goodyear et al., 1996; Polic et al., 1998). 

The ability of NK cells not only to lyse cells, but also to secrete cytokines 

endows them with the ability to regulate responses of the adaptive immune 

system. There are conflicting reports of immunoregulatory ability o f NK cells. 

Some reports suggest that NK cells can downregulate antibody production via 

direct cytotoxicity of B cells (Targan et al., 1985) or by inhibitory cytokine 

secretion (Katz et al., 1989a). In contrast, NK cells have been reported to 

enhance antibody secretion via helper cytokine secretion (Becker et al., 1990; 

Katz et al., 1989b; Yuan et al., 1992) or direct contact with the B cell (Becker et 

al., 1990). Other reports suggest that NK cells do not play a role in shaping the 

induction of antigen specific immune responses (Wang et al., 1998; W ilder et al., 

1996). Our results provide evidence that NK cells do indeed play a role in the 

shaping o f the adaptive immune response in a murine model of respiratory
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infection. Depletion of NK cells altered the immune response induced by 

infection with B. pertussis. Like immunization with Pw, natural infection with B. 

pertussis induces a T h l response characterised by IFN-y production and elevated 

levels of IgG2a (Chapter 3 & (Mills et al., 1993)). NK cell depletion with anti 

asailo-GM l resulted in a switch from a T hl dominant response to a Th2 response 

with enhanced IL-5 and enhanced IgG l production. The exact role of NK cells in 

the shaping of the immune response remains undefined; however it appears that 

they may in fact downregulate the Th2 response, thereby allowing expression of 

strong T hl responses which are required for essential resolution of infection.

Although DCs specialise in antigen capture and presentation, they also 

have a role in triggering the innate immunity, in particular NK cell activity. 

Results of this study have demonstrated that IFN-y production by NK cells is 

dependent on IL-12 which is DC derived. IL-12, produced primarily by DCs, 

macrophages and B cells, exerts its effects on NK cells and T cells to product 

IFN-y, driving the T h l response. In addition, IL-12 enhances the cytokine 

response of NK cells to antibody coated tumor antigens (Parihar et al., 2002). 

The importance of IL-12 on NK cell activity is established in IL-12 deficient 

mice or in mice deficient in the major transcriptional factor of IL-12, STAT4, 

which display reduced NK activity despite normal numbers of NK cells (Kaplan 

et al., 1996; Magram et al., 1996; Thierfelder et al., 1996). Requirements for 

STA Tl and IFN-y in NK cell function have also been demonstrated (Lee et al., 

2000). Interaction between NK cells and DCs in BCG or E.coli infections has 

been reported to induce rapid NK cell activation (Ferlazzo et al., 2003). DC-NK 

interactions in bacterial infections are complex. NK cells express a number of 

inhibitory receptors specific for MHC class 1 molecules. Cells lacking significant 

levels of MHC class 1 are targeted and killed by NK cells. DCs are an exception 

to this. Despite expressing significant levels of MHC class 1 molecules, DCs are 

targeted by NK cells (Geldhof et al., 1998; W ilson et al., 1999). Ferlazzo et al., 

have shown that bacterial infection of DC leads to rapid NK cells activation. 

These activated NK cells efficiently lyse immature DCs (iDC). However DCs 

exposed to bacteria become resistant to NK-mediated cytotoxicity (Ferlazzo et 

al., 2003). NK cells have been reported to be capable of inducing stable type 1- 

polarized effector DC (D C l) that act as carriers o f NK cell derived signals for the
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development of T h l responses. NK cell-induced D C l show elevated ability to 

produce IL-12 and prime naive 004"^ T cells to produce high levels if IFN-y 

(Mailliard et al., 2003).

In conclusion, this study provides further evidence o f a role for EFN-y in 

protection against B. pertussis and suggests a role for NK cells not only in 

driving a T h l response but also in protection in the initial stages of B. pertussis 

infection. Information is also provided on interactions between DCs and NK cells 

during bacterial infections and a role for NK cells in the prevention of bacterial 

dissemination through the production of IFN-y is demonstrated.
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Fig 6.1. Cellular infiltration in lungs after challenge with B. pertussis.

BALB/c mice were challenged with B. pertussis by aerosol exposure. Before 

challenge and at intervals after infection broncheoalveolar lavage was performed 

and the cellular infiltrate was examined in the BAL fluid by FACS analysis using 

antibodies specific for macrophages, T cells, neutrophils and DCs (A), and NK 

cells and Natural T (NT) cells (B).
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Figure 6.2 IFN-y production by cells in the lung during infection with B.

pertussis. BALB/c mice were infected with B. pertussis by respiratory challenge. 

Flow cytometry analysis was performed on lung cells for the detection of 

intracellular IFN-y production in combination with antibodies specific for T cells 

(FITC anti-mouse CD3), DCs (FITC anti-mouse C D llc), macrophages (FITC 

anti-mouse F4-80), neutrophils (FITC anti-mouse RB-6) and NK cells (PE anti

mouse PAN-NK). Results are from pooled lung cells from 4 naive mice or 4 

mice 14 days after infection with B. pertussis.
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Figure 6.3 NK depletion delays bacterial clearance in the lungs of B. 

pertussis infected mice. BALB/c mice were depleted of NK cells using an 

antibody specific for NK cells (Anti-asailo-GMl). 5 days before infection with 

B. pertussis and every 5 days over the course of the study. BALB/c mice treated 

with PBS and infected with B. pertussis served as controls. CFU counts were 

performed on individual lung homogenates at intervals after infection. Results 

are expressed as mean (± SE) viable B. pertussis counts from 4 individual mice 

per group at each timepoint. ***, P < 0.001, *, P < 0.05 versus PBS immunized 

mice

+ - 2/4 mice died from asailo-GMl treated group on day 17 of challenge
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Figure 6.4 Depletion of NK cells results in dissemination of B. pertussis to 

liver and blood after aerosol challenge. BALB/c mice were treated with PBS 

or anti asailo-GMl to deplete NK cells as described in Figure 6.3. Blood was 

recovered via retro-orbital bleed and heparinised 7 and 14 days after challenge. 1 

lobe of liver was isolated and homogenised in 1 ml of casein. CFU counts were 

performed on neat blood and liver homogenates. Results are expressed as mean 

(± SE) viable B. pertussis counts from 4 mice per group at each timepoint
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Figure 6.5 Depletion of NK cells alters the T cell response induced after 

infection of mice with B. pertussis. BALB/c mice were treated with PBS or anti 

asailo-GMl to deplete NK cells as described in figure 6.3 and challenged with B. 

pertussis by aerosol exposure. Spleen cells isolated at 14 (A) and 21 days (B) 

after challenge were stimulated with formalin B. pertussis (FBp; 1 & 5 |ig/ml) 

and sonicated B. pertussis (Bps; 1 & 5 |ig/ml) and IL-5 and IFN-y concentrations 

in supernatants were evaluated after 72 hours. ***, P < 0.001, **, P < 0.01, *, P 

< 0.05 anti asailo-GMl versus PBS.
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Figure 6.6 Depletion of NK cells enhances B. pertussis specific IgGl 

production. BALB/c mice were treated with PBS and anti asailo-GMl to deplete 

NK cells as described in figure 6.3 and challenged with B. pertussis by aerosol 

exposure. Before challenge and at intervals after challenge serum was recovered 

via retro-orbital bleed. Total IgG production (A) and levels of B. pertussis 

specific IgGl and IgG2a (B) were determined by ELISA. Results are expressed 

as mean responses (±SE) for 4 mice assessed in triplicate. ***, P < 0.001 versus 

IgGl production in PBS treated B. pertussis infected mice.
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Figure 6.7 Reduced NK activity in mice treated with anti asailo-GMl 

following infection with B. pertussis. NK cell activity against YAC-1 cells was 

measured in spleen cells 14 (A) and 21 (B) days after infection with B. pertussis 

using ^*Cr release assay. ^'Cr labelled YAC-1 cells were cultured at an effector to 

target ratios of 100, 50 and 25:1. Following 4 hr incubation, ^'Cr release by 

YAC-1 cells was determined by measuring ^'Cr levels in supernatant. Results are 

expressed as % specific lysis.

167



B. pertussis - - - + +

IL-12 . + - . +

LPS . . + . .

Figure 6.8 B. pertussis stimulates IFN-y production by NK cells in presence 

of IL-12. Human NK cell line NKL was set up at 2 x 10^/ml with B. pertussis 

(10^/ml), IL-12 (10 ng/ml) and LPS (l|U.g/ml). IFN-y production in supernatant 

was determined after 72 hours
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Figure 6.9 IFN-y production by naive spleen cells in response to B. pertussis 

is dependent on IL-12. Spleen cells (2 x 10^) from naive mice were stimulated 

with sonicated B. pertussis, LPS or B. pertussis LPS for 72 hrs alone or in the 

presence of anti-mouse IL-12. IFN-y production was determined in culture 

supernatant by ELISA

169



150n

100-

Ia
Z

50H

0-

B. pertussis
Macrophages
DC
a-IL-12

n. I i
+
+

+
+

n.

1 = 1 0

lQ6/ni 

^  lO^/ni

■■ 10̂/ni

1 j n I
+
+

Figure 6.10 IFN-y production by spleen cells is dependent on DC induced 

IL-12 production. Naive spleen cells were stimulated with medium only, live 

bacteria (10^ -  lOVml) or 10% supernatant from DC or peritoneal macrophages
(\ Sstimulated for 24 hours with B. pertussis (10 -  10 /ml). Spleen cells with DC or 

macrophage supernatant were also cultured in the presence of anti IL-12 

antibody.
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7. General Discussion

Despite periodic opposition by some anti-vaccination groups, the 

effectiveness of vaccines and immunization for the prevention of infectious 

diseases is recognised as one of the greatest success stories in medicine. As a 

result of the global immunization programmes of the WHO, smallpox disease has 

been eradicated and poliomyelitis will be eliminated from the world in the near 

future. Although vaccination against smallpox was rapidly accepted throughout 

Europe, it took nearly 100 years for the development of the next vaccines; 

anthrax in 1881 and rabies in 1885. During the following century, the rate of 

development of new vaccines remained modest, bringing the number of vaccine 

preventable diseases to just 25 (Makela, 2000), including one of the major 

childhood diseases, whooping cough. Although Pa and Pw provide effective 

protection against B. pertussis, the efficacy of the vaccines is below that achieved 

by other vaccines, in particular, polio, tetanus and measles. W ith efficacy levels 

of Pa rarely above 80% and inadequate vaccine uptake rates in some countries, 

the disease caused by B. pertussis is likely to continue.

Studies on vaccine induced immunity to B. pertussis have substantially 

increased our knowledge of the immunological mechanisms o f protection against 

B. pertussis, however, there are still a number of questions which need to be 

addressed. Until recently, B. pertussis was considered to be an extracellular 

pathogen, relying exclusively on antibody mediated immunity for protection, 

however, the discovery that the bacterium had an intracellular phase by Cheers et 

al., has highlighted the importance of cell mediated immunity in protection 

against infection (Cheers and Gray, 1969). Evidence of a role for both T cells and 

B cells in immunity to B. pertussis has been provided using a murine respiratory 

challenge model. Although this model has been criticised on the basis that the 

characteristic whoop is absent, the course of the infection and many of the 

systemic effects such as hypoglycaemia and leucocytosis are similar to those 

observed in infants (Pittman et al., 1980; Sato et al., 1980). The first evidence of 

the requirement of T cells in immunity to B. pertussis was provided by the 

demonstration that athymic mice failed to clear the bacteria from their lungs after 

infection with B. pertussis, whereas normal BALB/c mice cleared the infection
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after 5 - 6  weeks (Mills et al., 1993). Furthermore, infection of SCID mice 

resulted in infection that was lethal in some animals (Barbie et al., 1997; Leef et 

al., 2000). A role for antibody in protection has been demonstrated in passive 

immunization studies. Infection of mice defective in Ig (Ig'^’) with B. pertussis 

resulted in the development of chronic infection with mice failing to clear 

bacteria from lungs up to 6 months after infection (Mahon et al., 1997a). This is 

supported by another study where intranasal immunization of Ig'^' mice with 

inactivated B. pertussis resulted in partial protection. Full protection was restored 

after transfer of B. pertussis immune B cells (Leef et al., 2000). In the murine 

model, infection results in a significant rise in antibody titres, which do not 

appear in significant levels until 5 weeks after challenge, when bacteria are 

undetectable in the lungs (Mills et al., 1993). In addition, cellular immune 

responses are not detectable until 2-3 weeks post challenge (Bassinet et al., 

2000).

Although effective adaptive immune responses are not mounted in the 

first few weeks of infection, the infection appears to be controlled, indicating that 

other mechanisms of immunity, such as the cells and molecules of the innate 

immune system, are protecting the host in the early stages o f infection. The 

innate immune system provides the fist line of defense by detecting the 

immediate presence of pathogens and the nature of infection and relies on a 

number of receptors (pattern recognition receptors -  PRR), which recognise 

pathogen associated molecular patterns. Upon recognition of a pathogen, innate 

and effector molecules derived from the cells of the innate immune system help 

to control and eliminate the pathogen. The innate immune system is mediated 

primarily by phagocytic cells, such as macrophages and neutrophils. 

Macrophages play numerous roles in host defence against microbial pathogens. 

In innate immunity, they participate in inflammation via phagocytosis and 

through the generation of toxic oxygen and nitrogen radicals. This study showed 

that infection with B. pertussis results in the recruitment of cells, including 

phagocytic cells, macrophages and neutrophils as well as NK cells into the lung 

shortly after infection with B. pertussis, which after subsequent activation act as 

the final effector cells that contain and kill the bacteria. Neutrophil infiltration 

into the lungs is short-lived peaking 14 days after infection, whereas macrophage
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numbers increase within 5 days of challenge and remain elevated over the course 

of the infection with numbers declining only when bacteria become undetectable 

in the lungs. NK cells appear in the lung 7-10 days after infection, peak at day 

14, and slowly decline to low levels by day 28.

The function of macrophages is greatly enhanced by IFN-y, which in the 

early stages of B. pertussis infection is produced by NK cells. Elevated levels of 

IFN-y can be detected in the lung (Higgins et al., 2003) and in the BAL fluid 

(Torre et al., 1993) shortly after infection with B. pertussis. This study provided 

new evidence on the cells that produce this IFN-y. Infiltrating NK cells and to a 

lesser extent macrophages and DCs were found to secrete significant levels of 

IFN-y at the peak o f infection with B. pertussis. The mechanism of killing of 

macrophages is still unclear however it may involve reactive oxygen or nitrogen 

intermediates. IFN-y enhances the ability of macrophages to phagocytose and kill 

B. pertussis and it has previously been shown that NO is produced by 

macrophages in response to B. pertussis (Torre et al., 1996a; Xing et al., 1998; 

Xing et al., 2000). In addition IFN-y can enhance NO production by 

macrophages infected with B. pertussis (Mahon and Mills, 1999). The results of 

this study demonstrated that IFN-y enhanced the bactericidal activity of 

macrophages and it appeared to be partly dependent on NO. L-MMNA, the 

competitive inhibitor of NO did not fully suppress IFN-y mediated killing of B. 

pertussis by macrophages.

IFN-y plays an important role in immunity to bacterial infections. B. 

pertussis infection in IFN-yR'^' mice results in an atypical disseminated disease 

and is characterised by pyogranulomatous inflammation and post necrotic 

scarring in the livers, mesenteric lymph nodes and kidneys (Mahon et al., 1997b). 

Deposits of B. pertussis antigen on macrophages in areas of polygranulomatous 

inflammation in lymph nodes suggested that carriage of B. pertussis to secondary 

infected organs was via macrophages. However, the present study showed that 

depletion of macrophages using clodronate encapsulated liposomes did not 

reduce bacterial numbers in the liver and blood of IFN-yR'^' mice. In addition, 

macrophage depletion resulted in bacterial dissemination in wildtype infected 

mice. This indicates that in the absence of macrophages or IFN-y to activate the 

macrophages, the bacteria disseminate, either in neutrophils or in a cell free
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system. DCs may be another possible carrier of B. pertussis. Recently it has been 

demonstrated that DCs can actively participate in microbial entry across mucosal 

surfaces by creeping between epithelial cells and by internalising bacteria via 

their dendrites. In the gut, DCs and macrophages are located in intraepithelial 

pockets below the M cells. DCs can send dendrites outside the epithelium and 

transcytose bacterial components, perhaps even whole bacteria across the 

epithelium (Rescigno, 2003). Important roles for macrophages have been 

demonstrated in measles virus infections (Roscic-Mrkic et al., 2001) and in 

pulmonary immune fibrosis (Zhang-Hoover et al., 2000).

NK cell depletion studies revealed that the IFN-y produced early in 

infection with B. pertussis may be NK cell derived, providing evidence of an 

essential role for IFN-y and NK cells in innate immune protection against B. 

pertussis infection. NK cells function in innate immunity by removing infected 

or damaged cells, which have lost MHC class 1 molecules or cells which express 

insufficient levels of MHC class 1 molecules. The present study shows that NK 

cells play an important role in helping contain B. pertussis in the lung during 

infection. Infection of mice depleted of NK cells resulted in bacterial 

dissemination to blood and liver shortly after infection. In addition, a more 

protracted infection was observed with infection proving to be lethal in a 

proportion of mice. It appears that innate immunity relies on the interplay 

between macrophages and NK cells. NK cells produce IFN-y which activates 

macrophage killing activity. Although NK cells do not directly kill the bacteria, 

important interactions between NK cells and macrophages appears to control the 

infection. The effects of NK cells on bacterial clearance have been shown to be 

mediated through their interactions with macrophages (Godshall et al., 2003). 

NK cells, upon activation produce IFN-y which activates phagocytosis and 

killing of bacteria. In the absence of IFN-y produced by NK cells, bacteria are 

transported from the lungs to other organs. IFN-y produced by NK cells is 

reported to protect in genital chlamidial infection (Tseng and Rank, 1998).

Innate immune mechanisms are essential in the control o f the initial 

spread of infection. However complete elimination of the pathogen and 

prevention from re-infection is dependent on the activation of the adaptive 

immune response. The main contributors to adaptive immunity are T and B cells
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although macrophages and NK cells, in addition to being important components 

of the innate immune system they appear to regulate the adaptive immune 

response. Macrophages play a crucial role in the regulation of the adaptive 

immune response by functioning as APCs, and producing regulatory cytokines 

which control T cell differentiation. Macrophage depletion of mice immunized 

with pertussis vaccines and infected with B. pertussis provided evidence of a role 

for macrophages in the regulation of the adaptive immune response. Macrophage 

depletion was associated with a reduction in antigen specific T cell responses and 

resulted in a delay in bacterial clearance.

NK cells have also been shown to regulate the adaptive immune 

responses. However, reports in this literature are conflicting. NK cell regulates 

antibody production either by direct cytotoxicity of B cells (Targan et al., 1985) 

or inhibitory cytokine secretion (Katz et al., 1989a) resulting in downregulation 

of the antibody response or by helper cytokine secretion (Yuan et al., 1992) 

which enhances antibody production. NK cells produce large amounts of TGF-P, 

which enables activated CD8^ T cells to inhibit antibody production (Horwitz et 

al., 1999). Other reports suggest that NK cells have no immunoregulatory 

activity (Wilder et al., 1996). In B. pertussis infections, NK cells regulate the 

immune response via the production of IFN-y. In addition to bacterial 

dissemination, B. pertussis infection of mice depleted of NK cells, using anti- 

asailo G M l, resulted in altered T cell and antibody responses. B. pertussis 

infection of naive mice induced a B. pertussis specific T h l response with IFN-y 

and IgG2a production. Depletion of NK cells appeared to switch the response to 

a Th2 response with enhanced IL-5 and IgG l production. 21 days after infection 

antigen specific IFN-y production by spleen cells from NK cell depleted mice 

were comparable to those of control infected mice whereas IL-5 levels were 

significantly enhanced. This suggests that rather than enhancing T h l 

development directly, NK cells may downregulate the Th2 response, thereby 

allowing the expression of strong T h l responses which are required for the 

complete resolution of the infection. This is consistent with findings of a study in 

genital chlamidial infection, where depletion of NK cells also enhanced Th2 

responses (Tseng and Rank, 1998).
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Natural infection with B. pertussis induces a T h l response and protects 

against re-infection, however the most effective method of control of the disease 

is vaccination. Until recently, protection against the whooping cough was based 

on the use of Pw, however Pa have been developed to replace Pw. Pw have been 

very effective in reducing the number of cases of pertussis but their use has been 

associated with a number of adverse reactions, including persistent crying, fever, 

convulsions and encephalopathy. Although Pa have greater safety profiles than 

Pw (Greco et al., 1996; Gustafsson et al., 1996; Simondon et al., 1997; Trollfors 

et al., 1995), their efficacy is lower than that o f most Pw (Gustafsson et al., 

1996).

The murine model has played an essential role in advancing our 

knowledge of the mechanisms of immunity to B. pertussis and has been used in 

assessing the potency o f pertussis vaccines. Using a murine respiratory challenge 

model, it has been demonstrated that immunization with Pw, like natural 

infection induces T h l cells, which are enhanced after subsequent infection and 

confers high level of protection (Mills and Redhead, 1993; Redhead et al., 1993). 

Infection of mice immunized with Pw is associated with the infiltration of 

macrophages, neutrophils and lymphocytes and the induction of pro- 

inflammatory cytokines IL -ip  in the lungs (McGuirk and Mills, 2000b). In 

contrast, immunization with Pa induces a Th2 response, associated with high 

levels of serum antibody production (Mills and Redhead, 1993; Redhead et al., 

1993) and anti-inflammatory responses (McGuirk and Mills, 2000b). Infection of 

mice immunized with Pa resulted in poorer bacterial clearance indicating that 

superior protection is associated with the induction of a T h l response. This study 

also showed that the delay in bacterial clearance was associated with suppression 

of Pa -  induced Th2 response, shortly after infection and was shown to be 

dependent on FHA, possibly through the induction of T rl cells.

T rl cells have been shown to inhibit the proliferative responses of T hl 

and Th2 responses both in vivo and in vitro, although the majority of reports have 

examined the inhibition o f T h l responses by T rl cells. FHA has the ability to 

suppress B. pertussis specific T hl responses as well as T h l responses to 

unrelated antigens and is dependent on the production of IL-10 which is 

produced at high levels by T rl cells (McGuirk et al., 2000; M cGuirk and Mills,
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2000a). In addition, T rl clones specific for FHA inhibit T h l responses in vitro 

and in vivo (McGuirk et al., 2002). Pa that include FHA have been shown to 

induce IL-10 production in the brain (Donnelly et al., 2001). Although it was 

originally identified as a Th2 cytokine, with the ability to inhibit T h l responses, 

there have been a number of reports providing evidence that IL-10 can inhibit 

Th2 mediated responses, including eosinophil recruitment and IL-5 production 

(Zuany-Amorim et al., 1996; Zuany-Amorim et al., 1995). In addition, IL-10 

producing T rl cells have been shown to inhibit Th2 responses in vivo and this 

suppression was mediated by IL-10 (Cottrez et al., 2000).

In contrast to the inhibitory effects of infection on vaccine induced Th2 

responses, antibody responses to vaccination, in particular secretory IgA were 

enhanced after infection. Consistent with other studies on the humoral responses 

induced by pertussis vaccination, immunization with Pw and Pa stimulated the 

production of high titres of circulating B. pertussis specific IgG antibodies (van 

den Berg et al., 2000), which remain elevated after challenge with B. pertussis. In 

contrast, parenteral immunization did not induce the production of secretory IgA 

in the lung. However, shortly after challenge a rapid induction of IgA was 

observed in the lungs of immunized mice. This may suggest a role for IgA in 

bacterial clearance in mice immunized systemically with pertussis vaccines. The 

importance of IgA in mucosal immunity has been demonstrated in IgA deficient 

individuals, who are prone to recurrent urogenital, gastrointestinal and 

respiratory infections (Burrows and Cooper, 1997). However, an absolute 

requirement for IgA in mucosal protection remains controversial, as mucosal 

immunity to influenza was observed even in the absence of IgA (M bawuike et 

al., 1999).

Protective levels of circulating antibodies have been defined for a number 

of pathogens such as diphtheria, tetanus, polio virus and Haemophilis influenzae. 

Although it is generally accepted that antibodies play a role in protection against 

B. pertussis, immunological correlates of protection have yet to be defined. With 

the exception of studies on household exposure (Storsaeter and Gustafson, 1996; 

Storsaeter et al., 1998), analysis o f serum antibody responses in clinical trials 

(1988; Ausiello et al., 1998; Cherry et al., 1998b; Mills et al., 1998b; Olin et al., 

1997) and in the murine respiratory challenge model (Barbie et al., 1997;
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Barnard et al., 1996; Mills et al., 1998a) have failed to show a correlation 

between levels of circulating antibodies and protection. In this study, it was 

suggested that the ability of vaccines to induce potent T cell responses is a more 

realistic marker of vaccine efficacy as a denatured vaccine, which did not protect 

against respiratory infection, induced strong antibody responses. Furthermore, 

the denatured vaccine did not induce the production of antigen specific T cells. 

The Kendrick test, which involves i.e. challenge with B. pertussis is used to 

assess the potency of Pw but is unsuitable for testing Pa vaccines and has 

generated conflicting results. The results of this study, together with the 

demonstration of a correlation between protection in children and bacterial 

clearance in mice (Mills et al., 1998a; Mills et al., 1998b) suggests that the 

murine respiratory challenge model may be a suitable method o f examining the 

potency of pertussis vaccines.

Although the successful implementation o f pertussis immunization in 

infants has reduced the incidence of pertussis among children, there has been an 

increase in the incidence in adults and adolescents (De Serres et al., 2000; Keitel 

and Edwards, 1995; Nennig et al., 1996). Natural infection with B. pertussis and 

immunization with Pw induces long-lived immunity to B. pertussis. However, a 

number of studies have reported waning of B. pertussis specific immunity 

following vaccination with Pa. Long term antibody production is one of the 

hallmarks of effective immunization and is an important aspect of immunological 

memory. Although Pa have been used successfully in paediatric immunization 

programmes, the persistence of Pa induced immunity has not been examined past 

the age of 4 (Ausiello et al., 1999). Antibody levels decline rapidly after 

vaccination in children, however, if exposed to B. pertussis, these children are 

protected against developing whooping cough. It was suggested that exposure to 

subclinincal infections, which can enhance T h l responses, may explain 

protection against B. pertussis despite waning of both T cell and antibody 

responses induced by vaccination. In this study, levels of immunity induced by 

Pa persisted for up to 90 weeks after immunization with mixed T hl/T h2 cytokine 

production as well as moderate levels of B. pertussis specific IgG produced. 

Furthermore, long term immunity to B. pertussis induced by immunization with 

Pa is mediated by humoral mechanisms. Adoptive transfer of immune cells from
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Pa immunized mice to irradiated mice induced strong B. pertussis specific 

antibody levels but did not induce detectable T cell responses in the recipient 

mice. This is consistent with studies in Ig ‘̂‘ mice, where passive transfer of IgG 

conferred protection, demonstrating a crucial role for antibody in protective 

immunity (Mahon et al., 1997a; Mills et al., 1998b). In contrast, long term 

immunity induced by Pw appears to be mediated by cell mediated immunity, 

through help for anamnestic antibody production.

Although the recently developed Pa are a significant improvement over 

Pw, there are limitations to their use worldwide, they require a number of doses 

to obtain maximum efficacy and they have high production costs, resulting in a 

reliance on Pw in developing countries. Therefore the development o f newer 

pertussis vaccines with low cost which provides effective protection in a single 

dose would be beneficial. In addition, with increasing numbers o f vaccines 

included in childhood immunization programmes, there is interest in increasing 

the number of vaccines administered in the same injection. Increasing the 

number of antigens in Pa is one option of improving its efficacy. Numerous 

studies in mice have demonstrated that immunization with detoxified PT, PRN, 

FHA, FIM and ACT can confer protection against respiratory or i.e. challenge. In 

addition, PT and PRN were shown to be the post protective antigens, whereas 

FHA was least protective. Active and passive immunization experiments have 

demonstrated that PT and PRN alone are the most protective antigens and that 

increasing the number of components in the vaccine enhanced protection in mice. 

(Mills et al., 1998b). This has also been demonstrated in clinical trials where 

increasing the number of antigens increased protective efficacy o f the vaccine in 

children (Olin et al., 1997). Other components of the bacteria such as OMPs are 

possible candidates for inclusion in Pa. One such OMP, Vir90 was found to be 

protective in the i.e. challenge model (Passerini de Rossi et al., 1999). However 

in the present study, Vir90 failed to protect in the respiratory infection model and 

failed to elicit an immune response, possibly due to the absence of adjuvants. 

Studies assessing the importance of Vir90 as a virulence factor, by generating 

mutants deficient in the encoding genes, are currently underway (Passerini de 

Rossi et al., 2003).
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A resurgence of early cases of pertussis has been observed in infants not 

yet old enough to have completed their 3 dose vaccination schedule. New 

vaccine strategies are being considered to further improve pertussis control 

during the first months of life. Neonatal vaccination with Pa and Pw has been 

shown to be efficient in protecting against the disease with protective levels 

similar in neonates and infant mice despite inadequate antibody response to Pw. 

Neonatal Pa immunization induces strong B. pertussis specific antibody 

responses (Roduit et al., 2002). The use of Mycobacteruim  BCG as a carrier for 

pertussis antigen presentation is a possible strategy which would combat a 

number if issues associated with pertussis immunization. The use of both viral 

and bacteria carriers for heterologous antigen presentation has been explored in 

an effort to reduce the number of doses required for effective protection however 

other advantages of this strategy include neonatal vaccination and low cost 

production. rBCG expressing the s i subunit of PT has been developed and was 

demonstrated to be protective and immunogenic in the i.e. challenge model 

(Nascimento et al., 2000), suggesting that rBCG expressing pertussis antigens 

has potential as an effective low cost vaccine against whooping cough. However, 

in the murine respiratory challenge model B C G -slPT failed to protect against 

infection despite the induction of cell mediated immunity. These results confirm 

the importance of antibody as well as T cell responses against B. pertussis.
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