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Allergic asthma is the result of a Th2-mediated immune response against allergens, with Th2 cytokines, such as IL-4, IL-5 and 
IL-13 playing a crucial role. T helper cells are thought to be able to cross-regulate each other and a number of possible 
treatments for allergic disorders have been tested in order to either potentiate Thl responses or block Th2 cytokines or their 
receptors. In my thesis I have sought to inhibit Th2 cytokine responses and, thereby, modulate allergic responses, using either 
cytokine inhibitors or microbial agents which are known to down-regulate cytokine responses. 

I have tested a soluble form of IL-4 receptor (sIL-4R) with the aim of blocking IL4 and preventing the signalling 
cascade leading to cell activation and gene transcription. Recombinant human IL-4 caused an increase in IL-5 production by 
PBMC which peaked at 20 nM. sIL-4R caused a significant concentration-dependent inhibition of IL-5 secretion. The extent 
of inhibition with sIL-4R was comparable to that achieved by using anti IL-4 and IL-4R antibodies. Th2 down-regulation was 
not secondary to reduced survival of PBMC as tested in proliferation assays. Soluble IL-4R exerted a differential efTect on 
Th2 and Thl cytokines at low concentrations. It caused a significant (p<0.05) inhibition of Der p-induced release ofIL-5 at I 
Ilg/ml, without affecting IFN-y production. A 2.6-fold increase in IFN-y concentration was observed only when sIL-4R was 
used at 10 Ilg/ml, suggesting that inhibition ofTh2 cytokines is not necessarily associated with promotion ofTh I responses. 

Modifications of the pattern of microbial exposure associated with Westernisation represent a theoretically critical factor 
underlying the rising prevalence of atopic disorders as proposed by the so-called 'hygiene hypothesis'. Microbes most likely to 
prevent allergic diseases are environmental bacteria such as saprophytic mycobacteria. To test the hypothesis that the non
pathogenic Mycobacterium vaccae could reduce airway inflammation and the asthmatic reaction in vivo following allergen 
challenge and the Th2 response of ex vivo challenged PBMC, I conducted a clinical trial where an M vaccae extract, SRL 172, 
was administered intradermally. M vaccae was able to cause a reduction in the late asthmatic response (LAR). During the 
LAR, the mean maximum fall in FEV! was 35.8% [16.5--66.7%] in subjects receiving SRLl72 and 29.5% [16.9-39.4%] in 
subjects receiving placebo. In a subgroup of patients with mild asthma, M vaccae caused a mean 47.2% relative reduction in 
the AUC of the LAR (p=0.026). However, the difference between treatment groups did not achieve statistical significance. 
Similarly, no difference was found in the early asthmatic response, (expressed as maximum % fall in either FEV! or AUC) 
and in PC2oFEV! between the two treatment groups (p=0.98). Sputum analysis showed no difference in the differential cell 
count or in the levels of ECP and tryptase. Studies on peripheral blood mononuclear cells (PBMC) of these patients showed 
showed a trend towards reduction in IL-5 synthesis in vitro and serum IgE levels three weeks post-treatment with M l'accae 
(p=0.07) but not placebo. No difference in PBMC proliferation in response to allergen was found between the two groups. To 
understand the mechanisms responsible for the observed changes in the allergen challenge parameters as well as the down
regulation in IL-5 and IgE, I studied the in vitro effects of M vaccae (SRP299) on cytokine production by PBMC from atopic 
asthmatics. SRP299 caused a potent inhibition ofIl.r5 and IL-13 synthesis, with a significant (p<O.O I) mean 65.2% inhibition 
in Dermatophagoides pleronyssinus-induced IL-5 and a smaller but still highly significant (p<O.OI) mean 36.7% inhibition in 
IL-13 synthesis. This effect did not seem to be entirely due to IL-12 induction but involved IL-I 0, as demonstrated by the fact 
that the levels of IL-5 in cultures of M vaccaelDer p-stimulated PBMC were significantly increased in the presence of 
antibodies blocking IL- 10 (p<0.05), suggesting a role for regulatory T cells. Furthermore, the inhibitory effect of M vaccae 
appeared to involve the generation of prostaglandins, as indomethacin completely inhibited the ability of M vaccae to down
regulate both IL-5 and Il.r 13 in response to allergen. On the contrary no significant effect was seen on IFN-y production. 

The hygiene hypothesis suggests that harmfi.!1 infections per se may not be as critical as the exposure to microbial 
burden. Microbial components are found in varying concentrations in many indoor and outdoor environments. Among those 
components, lipopolysaccharide (LPS) is a potent inducer of IL-12 and IFN-y, cytokines that stimulate Th I -mediated 
immunity and have the potential to down-regulate the Th2 response. In in vitro experiments I showed that LPS. when 
administered before allergen stimulation, down-i"egulated IL-5 responses and increased IL-12 production. The different timing 
of LPS exposure showed that IL-12 induction was greater when PBMC were exposed to LPS 24 hours prior to allergen 
stimulation (p=0.02, ANOV A) with a mean±SD increase above Der p-stimulated levels of 4293 ±1497 pg/ml. This increase 
was significant when compared to pre-exposure to allergen 2523± 38.4 pg/ml (p<0.05). Similarly, the degree of inhibition of 
IL-5 secretion was dependent on the timing of exposure to LPS in relation to allergen stimulation. The greatest inhibition of 
IL-5 (55±33%) was achieved when PBMC were exposed to LPS 24 hours prior to allergen stimulation (p=0.04, ANOVA) 
compared to pre-exposure to allergen 5.7±38.4%, (p<0.05) and co-culture condition 32.4 ±37.2%; (p>0.05). These effects 
seemed to be IL-12 mediated since anti-IL-12 antibodies restored both IL-5 (p<0.05) and IL-13 (p<0.05) IFN-y synthesis was 
completely inhibited by anti-IL-12 antibodies, showing that in this system, IFN-y was entirely IL-12 dependent (p<O.O I). 

In conclusion, I have shown that Th2 responses can be inhibted either by inhibiting the central Th2 cytokine, TL4, by 
inducing IL-IO (probably reflecting regulatory T cell involvement) or by promoting Thl responses. I have shown preliminary 
evidence that M vaccae can reduce airway responses to allergen in atopic asthmatics which might involve down-regulation of 
Th2 responses. 
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CHAPTER ONE 

Introduction 

o 



1.1 EPIDEMIOLOGY OF ASTHMA 

Allergic disorders are common throughout the United Kingdom (UK) and currently represent 

a substantial burden of morbidity and cost for the National Health Service (NHS). Thirty-nine 

percent of children and 30% of adults are affected by one or more atopic condition, 

accounting for 36% of general practice consultations and 0.8% of hospital admissions (Gupta 

et al. 2004). Treatments for asthma and other allergic disorders currently account for 10% of 

primary care prescribing costs and over one billion UK pounds per annum of NHS costs 

(Gupta et al. 2004). 

Asthma is a common cause of morbidity and mortality worldwide. Between 100,000,000 and 

150,000,000 people around the globe suffer from asthma and this number is rising. 

Worldwide, deaths from asthma have reached over 180,000 per year. The multicentre 

International Study of Asthma and Allergies in Childhood (ISAAC) has shown that the 

prevalence of symptoms of asthma varies between populations, with differences of 20-fold 

(range 1.6-36.8%) between different nations (ISAAC 1998),(Figure 1.2-1). Similarly, marked 

variation has been reported from the European Community Respiratory Health Survey 

(ECRHS) (ECRHS 1996). A longitudinal survey conducted in about 30,000 primary school 

children in England between 1973 and 1986 has shown an increasing prevalence of asthma 

for each annual birth cohort (boys, 6.9%; girls, 12.8%) and wheeze (boys, 4.3% per cohort; 

girls, 6.1 % per cohort). These results suggest that the increase in morbidity is largely due to a 

true increase in prevalence rather than reflecting a change in diagnostic fashion. A better 

understanding of the aetiology and pathogenesis of asthma is therefore needed to devise 

appropriate prophylactic measures and therapeutic interventions (Burney et al. 1990). 
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PrelJalenee obtained using JJl1itten questionnaire (lift) or video questionnaire (light). Reproduced from ISAA C, 1998. 

1.1.1 'Westernised' lifestyle and atopy 

Epidemiological studies show that along with the difference among nations, there seems to be 

a difference in the prevalence of allergic disorders between industrialised and rural regions. 

Allergic diseases are less common in rural regions where people have a traditional lifestyle as 

compared to industrialised regions where the lifestyle is 'westernised' (Van Niekerk et af. 

1979; Woolcock et af. 1997; Yemaneberhan et af. 1997; Bach 2002). Several studies have 

now demonstrated that concomitant to the rise in allergic disorders there has been a decline in 

the prevalence of early childhood infections and this has been thought to be the major factor 

influencing the development of allergic diseases (Smit et af. 2004) (Figure 1.2-2). 
2 
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Almost twenty years ago Gerrard et alobserved that the prevalence of atopic diseases such as 

asthma, eczema and urticaria in individuals from white families living in central 

Saskatchewan was higher than in the rural living Metis Indians in Canada (Gerrard et al. 

1976). This difference was attributed to the increased prevalence of helminth infestation as 

well as of other untreated viral and bacterial diseases in the Metis community. The authors 

suggested that "atopic disease is the price paid by some members of the white community for 

their relative freedom from diseases due to viruses, bacteria and helminths" (reviewed by 

(Smit et al. 2004)). More recently, other studies have confirmed a lower prevalence of atopic 

disorders in people living in rural areas as compared with people living in urban environment 

(reviewed in (Bach 2002)). 

Further data on the role of environmental conditions on atopic diseases comes from studies 

showing an increased trend of allergic sensitisation in former East Germany only six to eight 
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years after Gern1an reunification, which has led to lifestyle which are more similar to western 

societies (Matricardi 2001). 

The demonstrated relationship between infections, the 'hygienic lifestyle' and allergic 

diseases led Strachan to the proposal of the 'hygiene hypothesis', according to which the 

increased prevalence of atopic diseases is, at least partly, due to improved hygiene and the use 

of vaccines and antibiotics in industrialized societies (Strachan 1989). Improved lifestyle 

conditions have resulted in a reduction in the microbiological burden (Strachan 2000), 

incidence of childhood infections (Strachan et al. 1996; Strachan 2000) or exposure to 

microbial components (Bjorksten 1994; Holt 1995; Holt 1996; Matricardi et al. 2000) that 

would normally stimulate the maturation of the immune system in such a way as to have a 

preventive effect on the subsequent development of allergies (Martinez et al. 1999) (Figure 

1.2-3). Other epidemiological studies that provide support for this hypothesis include 

observations that exposure to farm animals and raw milk early in life reduces the likelihood of 

developing allergic disorders (Umetsu et al. 2002). 

Indirect evidence linking the exposure to microorganisms and allergy in schoolchildren aged 

nine to eleven years shows that the prevalence of atopic sensitisation decreases linearly with 

increasing number of siblings (von Mutius et al. 1994). Furthermore, a large prospective trial. 

involving 1,035 children followed since birth as part of the Tucson Children's Respiratory 

Study, reported a reduced risk of developing asthma in relation to both the total number of 

siblings and enrolment in day-care (Ball et al. 2000). Other cross-sectional surveys that 

support this hypothesis include observations demonstrating that long-term exposure to a 

farming environment - which provide exposure to microbial compounds, farm animals and 

raw milk - early in life, reduces the likelihood of developing asthma, hay fever and atopic 

sensitisation (Riedler et al. 2001). These observations suggest that environmental exposure to 
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microbial components in stables or fammouses stimulates the development of immune 

tolerance towards allergens in children. Exposure to bacterial endotoxin may be important in 

producing this protective effect (Gereda et al. 2000; Gereda et al. 2001). 

Childhood infections 

Childhood infections such as measles, hepatitis A, and infection with Mycobacterium 

tuberculosis have all been associated with a decrease in the incidence of atopy (Shaheen et al. 

1996; Matricardi et al. 1997; Matricardi et al. 2000). A study looking at a historical cohort in 

Bandim, a semi-rural district of Bissau, the capital of Guinea-Bissau, has shown that measles 

infection protects against the development of atopy in children aged zero to six years 

(Shaheen et al. 1996). In a retrospective case-control study on 240 atopic cases and 240 non-

atopic controls from a population of Italian male cadets aged 17-24, Matricardi et al 

investigated the correlation between markers of exposure to foodborne and orofaecal 

microbes and prevalence of atopy and respiratory allergies. When compared with controls, 

there was a lower prevalence of positive serology for Toxplasma gondii, hepatitis A and 

Helicobacter pylori in atopic participants. Allergic asthma was rare (0.4%) and allergic 

rhinitis infrequent (7%) among the participants exposed to at least two orofaecal and 

foodborne infections (Matricardi et al. 2000). Furthennore, hepatitis A seropositivity 

remained inversely associated with atopy after adjusting for family education, number of 

older siblings, and the area of residence (based on the number of inhabitants). In contrast, it 

increased with a decreasing number of older siblings among seronegative subjects (Matricardi 

et al. 1997). Further epidemiological data show that children with more exposure to other 

children at home (older siblings) or at day care are more likely to have frequent wheezing at 

the age of two years than children with little or no exposure but are less likely to have 
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frequent wheezing from the age of six through the age of 13, again suggesting that the 

transmission of early childhood infections have a protective role against the development of 

allergic disorders (Ball et af. 2000). These cross-sectional studies provide indirect evidence 

that common infections acquired early in life, because of the presence of older siblings or 

because of living conditions, may reduce the risk of developing atopy. 

The inverse association between family size and allergic symptoms, positive skin-prick test 

and specific IgE levels is well recognised (Strachan 1997; Strachan 2000). In particular, 

studies have found that children with no siblings or only one sibling were at increased risk of 

asthma when compared with children with more than one sibling (Wickens et af. 1999). Other 

studies have found that subjects from large families with shared bedrooms and pets were less 

often atopic as adults. These findings led to the hypothesis that the living conditions that 

favoured the transmission of bacterial or viral agents during childhood would prevent the 

development of atopy (Svanes et af. 1999). 

A newly identified asthma susceptibility gene, Tim- I (T cell Immunoglobulin Mucin 1), 

provides evidence for a direct role of hepatitis A virus (HA V) in the prevention of atopic 

disease. The human homologue of Tim-I, which lies at human chromosome 5q33.2, encodes 

the cellular receptor for HAV (hHA Vcr-I) (McIntire et af. 2001). In addition, in mice, the 

Tim- I gene product is expressed on T cells and appears to regulate the production of IL-4 in T 

cells by affecting CD4+ T cell differentiation, the development of Th2 cells, with production 

ofILA and IL-13, and the development of BHR (McIntire et af. 2001). By interacting with 

HA V, human Tim-I may directly alter the T helper cell balance of the infected individual and 

may have significant effects on Th2 differentiation and survival. HA V may selectively 

eliminate allergen-specific Th2 cells by clonal deletion and, thus, specifically protect against 

the development of atopy or by altering T cell development conferring protection against 
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asthma (Umetsu et al. 2002). The homology between human hepatitis A virus receptor and 

Tim-J may explain the inverse relationship between hepatitis A and atopy (McIntire ef al. 

2001). 

The possibility of influence by environmental factors on the prevalence of allergic disease in 

populations with similar genetic background has been raised by studies carried out in 

Germany soon after its reunification (von Mutius et al. 1998). These studies have shown that 

the prevalence of asthma, allergic sensitisation and bronchial hyperresponsiveness (BHR) was 

considerably higher in West German adults and children than in their East German peers (von 

Mutius et al. 1994; Nicolai et al. 1997). 

Many bacteria and their components can exert a powerful modulating effect on immune cells. 

These include cell wall components of Gram-negative bacteria (lipopolysaccharide, LPS) 

(Raetz et al. 2002), mycobacteria (Rook ef al. 1998) and DNA containing immune

stimulating sequences (ISS, CpG motifs) (Roman ef al. 1997). Amongst the agents that have 

the potential for protecting against the development of Th2 driven allergic diseases are 

mycobacteria (Rook et al. 1998), the immunity to which has been shown to be associated with 

lower risk of atopy (Shirakawa et al. 1997). 

Because of changes in lifestyle, and changes m vaccination programmes with Bacillus 

Calmette-Guerin (BCG) in the industrialised world, exposure to mycobacteria may have 

decreased whilst that to allergens has increased. This may have influenced the postnatal 

development of immune function so as to increase the pre-disposition to chronic allergic 

diseases in later years (Martinez et al. 1999; Prescott et al. 1999) 

The inverse relationship between mycobacteria and allergy, and the theoretical possibility that 

non-pathogenic mycobacteria could alter the immune response to allergen both in vivo and in 
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vitro, has represented the leading hypothesis for the studies presented in Chapters four and 

five of this thesis. 

1.2 DEFINITION AND PATHOGENESIS OF ALLERGIC ASTHMA 

Asthma is a chronic inflammatory disorder of the airways which is characterised by reversible 

airflow obstruction and chronic airway inflammation leading to persistent bronchial 

hyperresponsiveness (BHR) and airway remodelling (Busse et af. 2001). The pathologic 

alterations of asthma were historically derived from post -mortem studies of patients who died 

of asthma (Busse et af. 2001). The advent of fibre-optic bronchoscopy has provided the 

opportunity to obtain bronchoalveolar lavage fluid (BALF) and endobronchial mucosal 

biopsy specimens from patients with milder forms of asthma, allowing the demonstration that 

the histopathological features present in fatal asthma are also found in mild fOID1S of the 

disease (Djukanovic et af. 1990). Structurally, the bronchial mucosa of asthmatics is 

characterised by chronic inflammation, featuring lymphocytes, eosinophils and mast cells, 

along with epithelial desquamation, goblet cell hyperplasia (Cohn et af. 1997; Cohn et af. 

1999) and thickening of the submucosa (DUlmill et al. 1969; Dunnill 1971; Beasley et af. 

1989; Saetta et af. 1991). These pathological findings, consistent with chronic inflammation, 

appear independent of the aetiology of the disease and have consistently been associated with 

the main physiological abnormalities of the disease, such as variable airflow obstruction and 

BHR (Cockcroft et af. 1977; Casale et aZ. 1987; Wills-Karp 1999). 

The aetiology of asthma is multifactorial and involves the interaction between genetic factors 

and environmental stimuli (Holgate 1999). Although many different mechanisms can 

determine the clinical syndrome of asthma, most asthma occurs in association with atopy -

the propensity to synthesise and secrete immunoglobulin E (lgE) in response to various, 
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otherwise hannless, environmental antigens - and the consequent imbalance between the T 

lymphocyte (Thl and Th2) phenotypes (Holgate 1993; Holgate 1999). Bronchial 

inflammation and BHR begin with the inhalation of environmental antigens. Inhaled antigens 

that escape muco-cilliary clearance and penetrate the underlying epithelial layer are 

intercepted by dendritic cells that then migrate to the regional lymph nodes, where they act as 

antigen-presenting cells to the B and T cells. In the presence of interleukin (lL )-4 and IL-13, 

the interaction between Band T cell results in immunoglobulin class-switching to produce 

IgE, the hallmark of the atopic status (Szabo et af. 2003). 

1.2.1 Allergic sensitisation 

The defining feature of atopy is the production of IgE in response to exposure to a variety of 

antigens. Such IgE production is a tightly regulated process and part of a complex network of 

cellular and molecular events necessary for the development of the allergic response. The 

initiation of this response occurs with the presentation of allergen by antigen-presenting cells 

(APCs) to CD4+ T cells residing in the airway mucosa (a process referred to as sensitisation). 

In atopic individuals, allergic inflammation and IgE synthesis are known to be promoted by a 

distinctive allergen-specific T helper 2 cell subset (Th2) defined by the fact that they secrete a 

cytokine profile represented by lL-4, IL-5, lL-9 and lL-13. In contrast, Thl cells synthesise 

mainly lL-2 and interferon-gamma (IFN-y) (Abbas et af. 1996; Mosmann et af. 1996; 

Romagnani 1997). The presence of cytokines like IL-4 or IL-12 (along with lL-18 and IFN-y) 

at the time of T cell priming and activation represents the single most important factor 

influencing the differentiation of CD4+ T cells respectively into Th2 or Thl (Abehsira-Amar 

et af. 1992; Seder et af. 1992; Seder et af. 1993; Romagnani 1995; Magram et af. 1996) 

(Figure 1.2-1). 
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After priming, the presence of IL-4 and CD40/CD40L interaction promote immunoglobulin 

class-switching to IgE (Busse et al. 2001). IgE released into the circulation binds to high

affinity IgE receptors (FCERl) on the surface of mast cells and basophils and to the low

affinity IgE receptors (FCERlI or CD23) on the surface of lymphocytes, eosinophils, platelets 

and macrophages (Bachert et al. 1990; Tunon-De-Lara et al. 1996; Busse et al. 2001). FCERI 

cross-linking on the mast cell surface following antigen binding causes cell activation 

resulting in the induction of signalling cascades and the release of preformed granule contents 

(histamine, tryptase, chymase, vasoactive and chemotactic mediators) and Th2 cytokines, as 

well as de novo synthesis of lipid mediators and reactive oxygen species (Busse et al. 2001). 

The release of pre-fonned mast-cell mediators upon allergen stimulation, constitutes the 

'early phase response '. Histamine induces the contraction of airway smooth muscle and 

mucus secretion; it also causes vasodilatation and increased microvascular permeability, 

leading to exudation of plasma proteins into the airway walls, ultimately causing narrowing of 

the airway lumen (Bousquet et al. 2000). Tryptase potentiates the histamine-induced smooth 

muscle contraction, whereas chymase has a procollagen proteinase activity and is probably 

directly toxic to the airway cells (Bousquet et al. 2000). 

The release of the cysteinyl leukotrienes, inflammatory cytokines and chemotactic factors 

results in the recruitment and activation of eosinophils, Th2 CD4+ cells, macrophages and 

neutrophils, which ultimately leads to the inflammatory reaction known as the 'late phase 

response' (Rothenberg 1998). Once the inflammatory reaction or late phase is initiated, 

eosinophils become one of the major mediators of chronic inflammation in allergic asthma, 

leading to the repetitive cycle of tissue damage and chronic inflammatory changes, which 

persist even in the absence of sustained allergen exposure (Holgate 1997) (Figure 1.2-1). 
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1.2.2 Airway responses to allergen (EAR and LAR) 

Inhalation of allergen by sensitised subjects, following natural exposure or allergen challenge 

test, can result in bronchoconstriction associated with symptoms experienced during asthma 

exacerbations. Bronchoconstriction can present as different patterns: isolated immediate, 

isolated late, or dual reactions. Measurements of the changes in airway function following 

allergen challenge have largely involved spirometry. The immediate or 'early asthmatic 

response' (EAR) develops within 10 to 15 minutes of the inhalation challenge, reaches a 

maximum by 30 minutes and usually resolves between one and three hours (Figure 1.2-2). 

'Late asthmatic responses (LAR) , occur 3 to 4 hours post-allergen exposure and reach 

maximal intensity after four to eight hours, with a resolution that takes place between 12 and 

24 hours (Figure 1.2-2). 
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FIGURE 1.2-2: The early and late-phase reactiolls to illhaled alltigen. Modified from Nadel and Busse, 1998. 

The early (immediate) response is characterised by rapid onset of mucosal oedema, increase 

in airway smooth muscle tone and airway narrowing, associated with mast cell degranulation 

(Pauwels 1989). 

In a proportion of subjects - 50% of adults (Robertson et al. 1974) and 70% or more of 

children (Van Lookeren et af. 1969) - airway narrowing persists or recurs after two to three 

hours, with a maximal peak at six to twelve hours post-allergen challenge, followed by a 

recovery phase which occurs within 24 hours. The LAR involves the recruitment and 

activation of eosinophils (De Monchy et aZ. 1985), CD4+ T cells (Robinson et af. 1993), 

basophils (Guo et aZ. 1994), neutrophils (Koh et af. 1993; MacAry et af. 1997) and 

macrophages (Calhoun et aZ. 1993). Twenty-four hours after allergen challenge, an increase of 

activated IL-2+ T cells and an increase in the expression of IL-5 or granulocyte-macrophage 

colony-stimulating factor (GM-CSF) messenger RNA (mRNA) is observed in bronchial 

biopsies, suggesting involvement of T cells (Bentley et af. 1993). The release of preformed 
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cytokines by mast cells is the likely initial trigger of the early selective recruitment and 

activation of inflammatory cells (De Monchy et al. 1985; Metzger et af. 1986; Zangrilli et al. 

1995; Jarjour et af. 1997). The increased level of IL-5 during the EAR and LAR stimulates 

bone marrow production of eosinophil progenitors. This has recently been confirnled in a 

study in which bone marrow progenitors were directly measured in bone marrow aspirates 

taken 24 hours after allergen inhalation (Sehmi et af. 1996). Because of the good 

reproducibility and the resemblance to the asthmatic reaction that occurs after natural allergen 

exposure, the allergen-induced late-phase response to allergen challenge is considered to be a 

reliable experimental model to study the inflammatory mechanisms in asthma and test the 

efficacy of new anti-asthma drugs (Holgate 1993; Bochner et af. 1994). 

1.2.3 Mechanisms of Airway Hyperresponsiveness 

Bronchial hyperresponsiveness (BHR) is the term used to describe the tendency of the 

airways to constrict to both specific (allergens) and non-specific stimuli (e.g. histamine, 

methacholine, cold air, exercise). The more responsive the airways, the lower the amount of 

stimulus needed to cause a set decrease in lung function. Hyperresponsiveness of the airways 

to exogenous stimuli is considered to be one of the hallmarks of asthma. Alterations in the 

structure of the airways can account for the differences in airway responsiveness between 

asthmatic subjects and healthy individuals. This baseline hyperresponsiveness can be altered 

experimentally (Cockcroft et af. 1987) or naturally following exposure of mild asthmatic 

subjects to airborne allergens, and these events can reverse spontaneously following removal 

of antigen from the environment or following treatment. While structural remodelling is an 

important determinant of baseline airway responsiveness, the wide variability in BHR 
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indicates that mechanisms additional to structural remodelling per se contribute toward 

baseline hyperresponsiveness (Riffo-Vasquez et af. 2002). 

Epidemiological studies demonstrate that atopy is associated with BHR (Peat et af. 1987), as 

well as asthma incidence (Stempel et af. 1980; Zimmemlan et af. 1988), persistence and 

severity (Peat et af. 1987). In a large population-based study, atopy was the most important 

risk factor for developing BHR (Peat et af. 1992). Allergen sensitisation - predominantly to 

indoor allergens - confers an odds ratio of 1 :6-1 :20 for symptomatic BHR (Platts-Mills ef af. 

1997). Furthermore, the LAR is more likely to develop during seasons of the year when 

natural exposure is increased and prolonged allergen avoidance can attenuate LAR. 

The relationship between the LAR and BHR has received considerable attention. It has been 

shown that airway responsiveness to histamine is significantly increased post allergen 

challenge in patients who develop a LAR but not in patients who develop an isolated EAR 

(Cockcroft et af. 1977), showing that the development of the LAR may be associated with 

more significant and persistent changes in airway responsiveness. 

In Chapter five, I used the reduction in the EAR and LAR as outcome measures to assess the 

effects of Mycobacterium vaccae as possible asthma treatment. 

1.2.4 Th2 cells in asthma 

As primary orchestrators of the specific Immune response, T lymphocytes have been 

implicated in the pathogenesis of allergic airway disease (Azzawi et af. 1990; Corrigan et af. 

1990). Consistently elevated numbers ofCD4+ T lymphocytes have been found in the BALF 

and bronchial biopsies from asthmatics (Azzawi et af. 1990; Corrigan et af. 1990). CD4+ T 

cells exhibit increased expression of activation markers such as interleukin-2 receptor (IL-

2R), class II histocompatibility antigens (HLA-DR), and very late activation antigen-1 (VLA-
14 



1) (Corrigan et al. 1990; Walker et al. 1992). Increased numbers ofCD4T T lymphocytes that 

express mRNA for IL-4 and IL-5, but not IFN-y, have been observed in the airway submucosa 

and sputum of patients with asthma at baseline and during allergen-induced late-phase 

asthmatic reactions (Till et al. 1995; Humbert et al. 1996; Ying et al. 1997; Olivenstein ef al. 

1999). Furthermore, the increase in airway responsiveness to methacholine following allergen 

challenge of immunised mice is abrogated by depletion of CD4+ T lymphocytes or in mice 

with severe combined immuno deficiency (SCID), which lack T and B lymphocytes. The 

adoptive transfer of Th2 clones into SCID or BALB/c mice induces both pulmonary 

eosinophilia and BHR following antigen challenge. In contrast, the adoptive transfer of 

ovalbumin-specific Thl cell clones into these mice results in a neutrophilic and monocytic 

infiltrate into the lungs, without the attendant BHR. Similarly, the adoptive transfer of T 

lymphocytes from genetically hyperresponsive mice can increase airway responsiveness in 

hyporesponsive-recipient mice (De Sanctis et al. 1997). T cells from both the BAL fluids and 

bronchial biopsies of allergic asthmatics express elevated levels of mRNA for IL-4, IL-13, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-5, consistent with a 

Th2 pattern of cytokine production (Robinson et al. 1992; Walker et al. 1992; Del Prete et al. 

1993; Robinson et al. 1993), as well as the Th2 chemokine receptors CCR4 and CCR8 and 

the Th2 transcription factor GATA-3. (Nakamura et al. 1999; Ray et al. 1999; Caramori ef al. 

2001; Christodoulopoulos et al. 2001; Das et al. 2001; Panina-Bordignon et al. 2001). After 

allergen challenge there is an increase in activated T cells and Th2 cytokines in bronchial 

biopsies of asthmatic subjects (Bentley et al. 1993; Robinson et al. 1993). There is abundant 

evidence showing that IL-4 is excessively produced in asthma. Studies on asthmatic subjects 

demonstrate increased expression of ILA mRNA in the bronchial mucosa (Robinson et al. 

1992), raised levels ofIL4 protein in serum and bronchoalveolar lavage (BAL) fluid (Walker 
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et af. 1994; Daher et al. 1995), increased frequency of T cells that express either IL-4 mRNA 

or protein in the airways mucosa and circulation (Chan et af. 1996; Humbert et af. 1996), and 

increased capacity of T cells to produce IL-4 in response to house dust mite antigen (Leonard 

et af. 1997). 

There appears to be an association between the severity of asthma and the number of CD4+ 

cells in BALF (Walker et af. 1991; Robinson et al. 1993). The presence of IL-4- and IL-5-

producing cells was shown to correlate with BHR, FE V] and airway eosinophilia (Bradley et 

af. 1991; Walker et al. 1991; Robinson et af. 1993). Furthennore, successful treatment of 

asthma with corticosteroids is associated with a decrease in cells expressing mRNA for IL-4 

and IL-5 (Robinson et al. 1993) as opposed to subjects who did not improve after steroid 

treatment or were steroid-resistant (Leung et af. 1995). IL-4 functions also in an autocrine 

fashion for Th2 cell growth and development; as indicated by the fact that, despite intensive 

exposure to allergen, in the absence of IL-4, Th2 cells either do not develop or cannot be 

sustained in vivo (Brusselle et al. 1995). In keeping with its potential to contribute to the 

asthmatic process, administration of inhaled recombinant human IL-4 to patients with allergic 

asthma causes a significant reduction in methacholine PC20 at 48 hours (increased BHR) and a 

significant increase in sputum eosinophilia, both hallmarks of asthma (Shi et af. 1998). 

IL-4 also induces a variety of cellular and molecular responses that are important in the 

development of allergic airway diseases. One of the first recognised effects of IL-4 has been 

the induction of isotype switching to IgE production by initiating c-gennline transcription 

(Finkelman et af. 1988). Furthennore, IgE-mediated immune responses are enhanced by IL-4 

through its ability to up-regulate the high-affinity IgE receptor (FccRI) on the surface of mast 

cells and basophils as well as the low-affinity IgE receptor (FccRII; CD23) on B lymphocytes 

and monocytes cells (Gould et af. 2003). Although human and murine B-cells also synthesize 
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IgE in response to IL-13, robust 19E responses can proceed in the complete absence of 1L-13 

during allergen challenge i11 vivo (McKenzie et al. 1998). IgE-mediated activation of mast 

cells leads to the synthesis and release of a number of inflammatory mediators that may 

contribute to the bronchoconstriction, vascular changes and mucus secretion (Temann et al. 

1997; Dabbagh et al. 1999) observed in the early-phase response to allergen challenge. 

lL-4 in conjunction with IL-3 and 1L-9, acts as growth factor for mast cells (Madden et al. 

1991). Studies looking at a pathogenic link between 1L-4 and both the early and late-phase 

allergic response have demonstrated that blockade of the 1L-4 receptor prior to antigen 

provocation in sensitised mice can inhibit both the BHR and eosinophilic accumulation 

(Coyle et al. 1995; Gavett et al. 1997). 

An additional mechanism by which IL-4 contributes to airway obstruction in asthma is 

through the induction of mucin gene expression and the hypersecretion of mucus (Tem31ID et 

al. 1997; Dabbagh et al. 1999). Excessive production of airway mucus represents one of the 

characteristic pathological changes of asthma, in particular in those patients who die in status 

asthmaticus (Aikawa et al. 1992). The direct effects of IL-4 on mucus production have been 

demonstrated both in vitro, using cultured airway epithelial cells expressing 1L-4R 

constitutively, and in vivo in a mouse model. Under these conditions, exogenous 1L-4 was 

able to induce MUC2 and MUC5 gene expression, respectively, in conjunction with the 

synthesis of mucus glycol-conjugate. In this study, 1L-4 did not increase inflammatory cell 

numbers in either the airway tissue or BAL, suggesting that 1L-4 directly induces the 

differentiation of epithelium into mucus glycoconjugate-containing goblet cells via its own 

receptor (Dabbagh et al. 1999). Furthermore, when mice were treated with an antibody to the 

murine IL-4 receptor (anti-1L-4R) three days before intratracheal challenge with antigen, the 

antigen-induced increases in mucus-containing cells was inhibited, demonstrating that 1L-4 is 
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necessary for in vivo development of goblet cell metaplasia (Gavett et al. 1997). It has been 

postulated that some of the actions attributed to 1L-4 could be the effect of the interaction of 

1L-13 with IL-4R, as shown by the observation that airways of ST AT6-deficient animals are 

not able to produce mucus following allergen provocation (Yang et af. 2001). 

Numerous studies have shown that 1L-4 blockade eliminates antigen-induced increases in 

eosinophils (Lukacs et af. 1994; Brusselle et af. 1995; Gavett et af. 1997). Although the exact 

mechanisms involved in the ability of 1L-4 to induce tissue eosinophilia are unknown, there 

are several potential mechanisms. 1L-4 may mediate pulmonary eosinophilia through its role 

in Th2 cell differentiation and the subsequent production of 1L-5 (Colm et af. 2001; 

Tomkinson et al. 2001). IL-4 increases the expression of inflanmlatory cytokines from 

fibroblasts that might contribute to inflammation and lung remodelling in chronic asthma 

(Dabbagh et aZ. 1999). 1L-4 may also regulate eosinophil influx by up-regulating vascular cell 

adhesion molecule-1 (VCAM-l) expression on the endothelium and/or stimulating the release 

of eotaxin from resident airway cells (Moser et al. 1992; Mochizuki et al. 1998 ). Through its 

effect on VCAM-1, 1L-4 is able to direct the migration of l' lymphocytes, monocytes and 

basophils, and leads to prefential migration of eosinophils to inflamed tissues (Schleimer et af. 

1992). In support of a role for 1L-4/1L-13-mediated VCAM-l expression in pulmonary 

eosinophilia, numerous studies have shown that VCAM-1 is necessary for eosinophil 

recruitment into the lung in response to antigen provocation in mice (Nakajima et al. 1994). In 

addition, 1L-4 promotes eosinophilic inflammation by inducing eosinophil chemotaxis and 

activation through the increased expression of eotaxin (Hoeck et al. 2001; Moore et al. 2002). 

An essential biological activity of 1L-4 in the deVelopment of allergic inflammation is the 

ability to drive the differentiation of naIve T helper type 0 (ThO) lymphocytes into Th2 

lymphocytes (Hsieh et al. 1992; Seder et af. 1992). Administration ofIL-4 generates Th2-like 
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lymphocyte clones, whereas incubation with anti-IL-4 blocks this differentiation. While IgE 

production and the induction of VCAM-l are activities common to both IL-4 and IL-13, the 

induction of Th2-like lymphocytes is a unique biological activity of IL-4 because IL-4 

receptors and not 11:13 receptors are expressed on T cells (Kopf et al. 1993). 

A further mechanism by which IL-4 promotes allergic inflammation is through its ability to 

prevent apoptosis of T lymphocytes. Several cytokines, including IL-2, IL-4, IL-7, and IL-15, 

are effective in preventing death of activated T cells. Of these, IL-4 seems to be one of the 

most effective (Vella et al. 1997). Inhibition of apoptosis by IL-4 might be mediated partly by 

maintaining levels of survival-promoting proteins such as Bcl-2 in the cells. The antiapoptotic 

mechanism appears to be STAT6-independent, suggesting that the lL-4 receptor on resting T 

cells may use a different signalling pathway to facilitate T cell viability (Vella et al. 1997). 

Apoptosis of T lymphocytes can be induced through signals mediated by Fas ligand/ Fas 

(CD95) interaction (Crispe 1994). T cells from asthmatics show defective expression of Fas, 

and Il:4 downregulates Fas expression on the cell surface, (Spinozzi et al. 1998) which might 

explain the persistence of inflammatory cellular infiltrates in allergic asthma (Duez et al. 

2001). 

Thus, the association of Th2 cells and their effects in the respiratory tract has led to the theory 

that Th2 cells orchestrate the characteristic inflammatory response that results in asthma. Th I 

cells have also been identified in the airways of asthmatics and have been postulated to playa 

role in the pathogenesis of the disease (Holtzman et al. 1996). When activated with a phorbol 

ester (phorbol 12-myristate 13-acetate, PMA) and a Ca2
+ ionophore (ionomycin), BAL cells 

recovered from allergic asthmatics produced IFN-y. However, bronchoprovocation with 

allergen did not lead to an increase in IFN-y production (Kelly et al. 1997), indicating that the 

Thl cells present in the airways of asthmatics are not allergen-specific. 

19 



Animal models of allergic disease, employing sensitisation and allergen challenge, have 

confirmed the importance of Th2 cells in allergic bronchial inflammation (Robinson 2000). 

Furthermore, T cell clones generated from cord blood lymphocytes of newboms with atopic 

parents produce greater amounts of IL-4 than those from newboms with non-atopic parents, 

suggesting that altered regulation of IL-4 synthesis develops in utero (Piccinni et af. 1996). 

Our understanding ofT helper cell biology has increased substantially over the past few years, 

but several important questions remain. The molecular mechanisms regulating the initiation of 

the Thl or Th2 response and the down-regulatory pathways that restore the ThllTh2 

equilibrium remain incompletely understood (Szabo et af. 2003). 

1.2.5 Prenatal cytokine environment and postnatal immune 

maturation 

At birth, the immune system is weakly skewed towards a Th2 profile to maintain tolerance 

and avoid foetal rejection (Holt et af. 2000). This weak polarisation is maintained through the 

secretion of a range of Th2 trophic and Thl inhibitory molecules by the placenta, including 

IL-4 (Roth et al. 1996), prostaglandine E2 (PGE2) and progesterone (Hilkens et af. 1995; 

Szekeres-Bartho et af. 1996). As the child is subsequently exposed to infectious, endogenous 

and environmental antigens, its immune system matures, demonstrating a more balanced T 

cell profile (Figure 1.2-3). 
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FIGURE 1.2-3: Effects oj environvemt on T cell phenotype and development oj asthma. (From (Umetsu et al. 2002) 
modijied) 

Studies of the development of the immune system in early life have provided fUlther evidence 

on cytokine phenotypes and the interaction between infections and atopic disorders. In 

particular, it has been shown that mononuclear cells obtained from cord blood have markedly 

decreased cytokine responses to non-specific stimuli (Holt et al. 2000). This included both 

Thl (IFN-y) and the Th2 (IL-4) responses. When studied in cord blood and peripheral blood 

during the first year of life, (Martinez et al. 1995; Prescott et al. 1999) Thl-like responses 

were particularly decreased among children with a family history of allergies and among 

those who subsequently became sensitised to aeroallergens. Since IFN-y is known to down-

regulate Th2-type responses, and these responses are essential for IgE synthesis by B cells, it 

was suggested that the development of IFN -y responses could be stimulated by exposure to 

infectious agents postnatally (Martinez 1994), and that this could be the mechanism by which 

these infections protect against the development of allergic diseases. 
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1.2.6 Th2 responses in the respiratory tract 

1.2.6.1 Regulation of T helper Differentiation 

NaIve CD4+ T cells have the potential to differentiate into either of the two functionally 

distinct T helper effector cell subsets, Th1 or Th2 (Mosmann et al. 1989 ; Romagnani 1997). 

The T cell differentiation process is initiated when the T cell receptor (TcR) on a naIve T 

helper cell encounters its cognate antigen bound to HLA class II molecules on an antigen

presenting cell (APC) in association with the activation of co-stimulatory pathways (Szabo et 

al. 2003). 

The induction of a Th1 or Th2 response involves a variety of different factors. These include 

the genetic background, the nature of the antigenic stimulus, the type of APC, the 

concentration of antigen (duration and strength of signal), and a variety of co-stimulatory 

signals (CD40LlCD40, CD80,CD86ICD28, ICOS/B7RP-1 (Constant et al. 1997; Yoshinaga 

et al. 1999), the CD28-dependent OX40 signalling, (preferentially involved in Th2 

differentiation) (Akiba et al. 2000; Lane 2000) and B7-H3 (preferentially involved in Th1 

immunity) (Chapoval et al. 2001). 

The house dust mite Dermatophagoides pteronyssinus, a major cause of allergic disease in the 

western world, is well known for its ability to divert the immune response toward the Th2 

phenotype. Der p 1, the faecal antigen of the house dust mite, is considered to be the most 

immunodominant allergen involved in the expression of IgE-mediated dust-mite 

hypersensitivity. Biochemically, Der p is a 25-kDa cysteine protease which has been shown 

to cleave CD25, the a subunit of the IL-2 receptor (Thomas 1993; Schulz et al. 1998) and 

CD23. As a result of cleavage of CD25, peripheral blood T cells show markedly diminished 

proliferation and IFN-y secretion. These [mdings indicate that Der p could alter the balance of 
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ThllTh2 subset distribution by decreasing growth and expansion of the Thl subset and, as a 

consequence, augmenting expansion of the Th2 subset that favours a pro-allergic response. 

Der p may also contribute to the allergic phenotype by selectively cleaving intact CD23 on B 

cells. CD23 mediates a nuniber of effects including the proliferation and differentiation of B 

cells and the regulation of IgE synthesis. Binding of IgE to the membrane-bound CD23 

transduce an inhibitory signal that prevents further IgE synthesis. Cleavage of CD23 by 

thereby disrupting the IgE regulatory feed-back mechanism (Shakib et al. 1998). Furthem10re, 

the proteolytic cleavage of integral CD23 (iCD23) can produce soluble CD23 (sCD23), which 

stimulates B-cells to differentiate and secrete IgE (Shakib et al. 1998; Gould et al. 2003). 

Der p has also the ability to disrupt epithelial architecture, enhancing its access to immune 

cells. 

Although allergens, such as Der p, can potentially create a microenvironment conducive to 

Th2 cell expansion, normal individuals do not mount a Th2 responses to these allergens, 

which suggests that, despite the nature of these antigens, other factors contribute to the 

allergic outcome following inhalation of aero-allergens in susceptible individuals. 

Dendritic cells (DC) have potent antigen-processing capabilities. They are present at sites that 

facilitate naIve T cell encounters and represent the most efficient APC involved in presenting 

antigenic peptides to naIve T cells (Jenkins et al. 2001). Phenotypically distinct subsets of 

dendritic cells seem to possess unique functions in T helper development and differentiation 

(Moser et al. 2000). In the mouse, CD8+ dendritic cells secrete the T cell factor 

Etallosteopontin that favours Thl differentiation via simultaneously inducing IL-12 and 

inhibiting IL-IO secretion by APC (Ashkar et al. 2000). A second subset, CD8u dendritic 

cells, are thought to stimulate Th2 differentiation, perhaps through IL-6-dependent 

mechanisms (Rincon et al. 1997). Dendritic cells instruct the T cells, via levels of secretion of 
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cytokines such as IL-12, to differentiate along the Thl or the Th2 pathway. The environment 

in which the DC have been stimulated, the type of stimulus, and the origin of the DC all play 

a part in the fate of the T cell response. Studies indicate that respiratory tract DC have an 

immature phenotype, expressing a low level of MHC class II molecules on their surface and 

producing minimal IL-12, thus favouring Th2 differentiation (DC2) (Stumbles et af. 1998; 

Rissoan et af. 1999). In contrast, mature DCs isolated from peripheral lymphoid organs 

produce elevated levels of IL-12 and thus stimulate the generation of Th1 cells (DC1). Th1 

cells can be generated in the respiratory tract when the appropriate stimulus is provided. For 

example, pathogenic organisms that require macrophage activation for host defence, such as 

Mycobacterium tuberculosis, stimulate IL-12 production by APC, resulting in Th1-

dominated, cell-mediated immune response. In addition to the maturation state of the DC, in 

vitro and in vivo data suggest that IL-12 production by DC can also be modulated by 

micro environmental tissue factors, as well as pharmacological agents. Prostaglandin E2 

(PGE2) (van der Pouw Kraan et af. 1995), ~radrenoceptor agonists (Panina-Bordignon et af. 

1997), 1,25(OH)2-vitamin D3 (D'Ambrosio et af. 1998), histamine (van der Pouw Kraan et af. 

1998) and nitric oxide (Huang et al. 1998) have all been identified as inhibitors of IL-12 

production and thus as favouring Th2 differentiation. 

Taken together, these findings support the theory that induction of either Th1 or Th2 

differentiation depends on the DC maturation state and on the influence of several factors on 

the ability of DC to produce IL-12. It is clear, however, that the most important factor 

influencing this process is the type of cytokines present in the T cell microenvironment during 

antigen presentation and initiation of the T cell response (Figure 1.2-1). The cytokines IL-4 

and IL-12 (together with IFNy, IL-18, IL-23 , and IL-27) are the principal cytokines 

influencing Th2 and Thl differentiation from naIve precursor T cells, respectively. 
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1.2.6.1.1 Intelferon-y(IFN-rJ 

Interferon gamma (IFN-y) is a pleiotropic cytokine that plays an essential role in both the 

innate and adaptive phases of an immune response. Natural killer (NK), CD8 and Thl cells 

are the most potent sources of IFN-y, although macrophages, dendritic cells, narve CD4 T 

cells and even B cells seem able to secrete IFN-y (Szabo et al. 2003). IFN-y binds the IFN-y 

receptor, composed of the IFNRI and R2 chains (Boehm et al. 1997). The IFNR complex 

utilizes the Janus kinase (Jak)/signal transducer and activator of transcription 1 (STATl) 

signalling pathway (Bach et al. 1997). Defects in IFN-y, IFNRl, IFNR2 or the signalling 

molecule STATI have been associated with increased susceptibility to intracellular microbial 

pathogens and uncontrolled mycobacterial infections, both in mice and humans (Szabo et al. 

2003). IFN-y plays an important role in Thl differentiation, both acting alone, independently 

of IL-12, or by maintaining expression of the IL-12Rj32 chain (Szabo et al. 1997). In the 

absence of IFN-y (or IFN-a in humans) during the Th2 differentiation process, developing 

Th2 cells lose the ability to respond to IL-12 by downregulating the IL-12Rj32 chain (see 

1.2.6.1.2) (Szabo et al. 1997). This provides a potential mechanism for Th2 lineage 

stabilization via the modulation of responsiveness to the Thl-inducing cytokine, IL-12. 

If IFN-y is included during Th2 development, IL-12Rj32 expression is maintained and the 

ability to produce IFN-y is restored. Forced expression of the IL-12R~2 chain on Th2 cells by 

transgenic expression or retroviral transduction restores a functional IL12R complex and the 

ability of these cells to proliferate and phosphorylate STAT4 in response to IL-12 (Heath et 

al. 2000; Nishikomori et al. 2000). However, these Th2 cells fail to produce significant levels 

ofIFN-y and fail to repress IL4. Thus, IL-12R expression alone is insufficient to induce IFN-
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y production or to alter Th2 development. Clearly, the inclusion of IFN-y in developing Th2 

cultures must cause other alterations in addition to the induction of IL-12RP2 expression. 

1.2.6.1.2 IL-12 

IL-12 is a heterodimer composed of two subunits, p35 and p40, and is secreted by activated 

APC, including macrophages, monocytes and dendritic cells (Trinchieri 1998). IL-12 signals 

through the IL-12 receptor complex composed of the IL-12Rf31 and IL-12RP2 chains (Chua 

et af. 1994; Presky et al. 1996). NaIve CD4+ T cells are unresponsive to IL-12, owing to a 

lack of IL-12R expression. Activation through the TcR is necessary to induce both the IL-

12Rf31 and IL-12Rf32 chains, leading to the formation of a functional IL-12R complex 

(Presky et al. 1996). IL-12RP2 expression is maintained on differentiating Th1 cells and is 

extinguished on developing Th2 cells (Rogge et al. 1997; Szabo et af. 1997). The IL-12R 

complex is coupled to lak/STATl-3-4 (Gately et af. 1998). In humans, STAT4 

phosphorylation is induced by IFN-y, IL-12 (Szabo et al. 1997) and, to a lesser extent, IL-23. 

Individuals with naturally occurring mutations in one of the components of the IL-12R 

signalling pathway have severely impaired immune responses, especially to microbial 

infections (Altare et al. 1998; de long et al. 1998). 

1.2.6.1.3 IL-12 and development of allergy 

The low levels of IL-12 observed in atopic patients lead to aberrant Th2 development. A 

number of previous studies have suggested that a deficiency in IL-12 may skew the phenotype 

of the inflammatory cells infiltrating the airways towards a Th2 type immune reaction. Naseer 

et af showed that bronchial biopsies from atopic asthmatic subjects exhibit lower expression 
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of IL-12 mRNA when compared to those from nom1al controls (Naseer et al. 1997). 

Similarly, van der Pouw Kraan et aI, using whole blood cultures with different stimuli found a 

2.6-fold reduction in IL-12 in patients with allergic asthma compared to controls (van der 

Pouw Kraan et al. 1997). 

The mechanisms for the impaired IL-12 production in allergic patients are not fully 

elucidated, but may result from a defect of the genes encoding for IL-12, mutations of IL-

12Rf32 gene (Matsui et al. 1999), an imbalance between factors able to stimulate or inhibit IL-

12 production (e.g. IFN-y vs. IL-4) (van der Pouw Kraan et al. 1995; van der Pouw Kraan et 

al. 1998) or maya loss in IL-12 responsiveness and therefore a deficit in the IFN-y/IL-12 loop 

(Matsui et al. 2000). IL-12 responsiveness of Thl cells has been shown to correlate with the 

mRNA encoding for IlrI2~2R, and various allergic conditions have been associated with 

altered Ilr12~2 gene expression. A study by Janefjiord et al showsed that another mechanism 

involving CD2-CD58 interaction can account for the observed deficit in Ilr12 (Janefjiord et 

al. 2001). 

Further evidence for the importance of IL-12 in regulating allergic immune responses has 

been provided by in vivo studies using a murine model of allergic airway inflammation where 

exogenous IL-12 has shown an anti-allergic activity when administered systemically. In 

particular, Ilr 12 was able to prevent antigen-induced 111creases 111 aIrway 

hyperresponsiveness, lung eosinophilia and Th2 cytokine expression (Gavett et al. 1995) and 

to inhibit IgE synthesis (Kips et al. 1996). Moreover, experiments employing mucosal gene 

transfer resulting in IL-12 expression in the lung have shown inhibition of the local Th2 

cytokine production, thus preventing the development of allergic disease and BHR (Hogan et 

al. 1998). Unfortunately, these data have not yet been confirmed in a phase-I trial ofIL-12 in 

human asthma. In this trial subcutaneous injections of IL-12 caused a significant reduction of 

27 



peripheral blood and sputum eosinophils, but no effects were observed on the allergen

induced early and late-phase responses (see 1.3.3) (Bryan et al. 2000). 

A different approach to studying the relevance of IL-12 in modulating the immune response 

in vivo comes from models where the production of IL-12 is induced by stimuli like bacteria 

or bacterial products. These stimuli are known to boost the innate immune response by 

stimulating IL-12 in addition to up-regulating costimulatory molecules on the surface of APC 

and T cells. 

1.2.6.1.4 1L-18, 1L-23 and 1L-27 

IL-18, IL-23 and IL-27 are potent cofactors for IL-12-induced Th1 development and enhance 

IFN-y production from effector Thl cells. IL-18 is primarily produced by macrophages and 

dendritic cells. The IL-18R consists of a ligand-binding subunit (IL-18Ra) and a signal

transducing subunit (IL-18B) that are absent on naIve CD4+ T cells and induced on Th1 cells 

by IL-12 (Yoshimoto et al. 1998; Sareneva et al. 2000). 

Although IL-18 is not essential for Thl differentiation, it can facilitate IL-12-induced Th1 

development by optimizing IFN-yproduction (Robinson et al. 1997). 

IL-23 is a heterodimer of the p40 subunit of IL-12 and a novel subunit designated pl9 

(Oppmann et al. 2000). IL-23 binds to the IL-23R complex composed of the IL-12RB1 chain 

and a novel receptor chain (IL-23R) related to IL-12R2 and gp130. The IL-23R complex is 

not expressed on naIve CD4 T cells; thus, IL-23 may not mediate initiation of Thl 

differentiation but rather may be involved in sustaining IFN-y production in the later stages of 

T helper cell development. 

28 



IL-27 mediates its effects through a novel member of the type I cytokine receptor family -

identified by two groups and named WSX-l (Sprecher et af. 1998) or T cell cytokine receptor 

(TCCR) (Chen et af. 2000) - with a strong homology to the IL-12Rj32 chain. WSX-lITCCR 

expression is predominantly lymphoid specific, with the highest levels of expression found in 

NK cells and resting CD4+ T cells while it declines during T helper cell differentiation of both 

Thl and Th2 cells. 

1.2.6.2 Transcription factors involved in T Cell development 

T helper cells are classified by their distinct patterns of cytokine gene expression. As cytokine 

gene expression is transcriptionally regulated, understanding how the hallmark Thl cytokine 

IFN-y and the corresponding signature Th2 cytokine IL-4 are controlled at the level of 

transcription has led to insights into the regulation of TIll and Th2 differentiation (Figure 

1.2-4 ). 

Commitment to a Th 1 or Th2 lineage is determined, at intracellular level, by numerous 

transcription factors (Figure 1.2-4). TIle signal transducer and activator of transcription (STAT) 

proteins play an important role in the selective response of cells to particular cytokines 

(Kaplan et aZ. 1998). The STAT factors STAT4 and STAT6, induced respectively by IL-12 

and IL-4, playa crucial role in mediating the differentiation of naIve T cells. Developmental 

commitment to the Th2 lineage results from rapid loss of IL-12 signalling in Th2 cells (Szabo 

et af. 1995). The inability of Th2 cells to respond to IL-12 appears to be due to a selective 

down-regulation of the IL-12RP2 subunit (Rogge et al. 1997). 

TI12 cell fate is governed by the transcription factors GATA-3, c-Maf and NFAT. Signalling 

via GATA-3 results in the production of Th2 cytokines. Modulation of chromatin structure 
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also regulates cytokine gene expression during T cell differentiation (Agarwal et al. 1998). 

Differentiation of naIve helper T cells into mature Th2 cells is associated with chromatin 

remodelling of the IL-4 and Ilr13 genes, whereas differentiation into Th1 cells involves 

selective remodelling of the IFN-y gene. 

Ilr4 locus remodelling is accompanied by demethylation, with the acquisition of a 

characteristic open chromatin structure. This could lead to occupancy of the accessible DNA 

by specific transcription factors such as GATA-3 (Zheng et al. 1997) and c-Maf (Ho et al. 

1998) in Th2 cells. A similar model can be envisaged for Th1 gene expression, although 

much less information is presently available for Th1-specific transcription factors that could 

operate downstream ofSTAT4. 

In contrast to Th2 differentiation, very little is known about the molecular basis of Th1 

differentiation. The signalling pathway for Th1 cell differentiation involves Ilr12, IFN-y, 

STAT4, (Kaplan et al. 1996; Thierfelder et al. 1996; Kaplan et al. 1998) and interferon 

regulator factor 1 (IRF-1) (Lohoff et aI., 1997; Taki et al., 1997), neither of which is Th 1 

restricted. More recently, T-bet has been identified and seems to be expressed selectively in 

thymocytes and Th1 cells (Szabo et al. 2000). IL-12 is required for the activation of STAT4, 

which then induces IFN-y gene expression via T -bet. The resulting IFN-y forms part of an 

auto-regulatory circuit with T-bet, whereby IFN-y stimulates T-bet gene expression and vice 

versa (Neurath et al. 2002; O'Shea et al. 2002). IFN-y also antagonises the differentiation of 

ThO to Th2 cells, thus reinforcing the original lineage decision. 

During the developmental stage, the induction and maintenance of sustained levels of the 

Thl- or Th2-specific T helper regulators - T-bet or GATA-3 - is necessary for T helper 

lineage commitment. While specifically inducing the Th1 or Th2 lineages, T-bet and GATA-
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3 may also be involved in silencing the opposing T helper lineage, perhaps by inhibiting 

expression of the opposing T helper regulators (Szabo et al. 2003). 

1.2.6.3 Transcription factors involved in Thl cell development 

T-bet is a Th1-specific transcription factor for Th1 development. T-bet trans-activates the 

IFN-y gene, induces IFN-y production and redirects polarized Th2 cells into the Th1 into the 

Th1 pathway (Szabo et al. 2002). Although T-bet is expressed in CD8+ and NK cells, it is 

required for the control of IFN-y production in CD4+ and NK cells, but not in CD8+ cells. 

Thus, the regulation of a single cytokine, IFN-y, is controlled by distinct transcriptional 

mechanisms within the T cell lineage (Mullen et al. 2001) 

In CD4+ T cells, T -bet is rapidly and specifically induced in developing Th1 but not Th2 cells. 

T-bet expression appears to be controlled by both the T-cell receptor (TcR) and the 

IFNRlSTATl signal transduction pathways (Lighvani et al. 2001) and not by the IL-

12/STAT4 pathway (Lighvani et al. 2001; Afkarian et al. 2002). Furthermore T-bet seems to 

be able to induce its own expression (Szabo et al. 2003). This results in an increase in local 

IFN-y and creates a positive feedback loop driving Th1 differentiation. T -bet also induces IL-

12Rf32 chain expression allowing IL-12/STAT4 signalling to optimize IFN-y production, 

thereby completing the Th1 developmental commitment process (Szabo et al. 2003). 

Transfection of T-bet into developing fully polarized Th2 cells resulted in a dramatic 

induction of IFN-y expression, accompanied by a striking reduction of Il.r5 and IL-4 

production. Mice lacking T-bet fail to mount a Th1 response in vivo, while the excess ofTh2-

type cytokines is responsible for the spontaneous development of the pathological airway 

features similar to those seen in patients with asthma (Finotto et al. 2002). 
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The lungs of both T-betl - and T -bet-l- animals demonstrate significant baseline airway 

hyperresponsiveness, which is normally seen in wild-type animals only after allergen 

sensitisation. Furthennore, the airways of these animals are significantly hyperresponsive to 

methacholine and express increased levels Th2 cytokines. In asthma patients T-bet expression 

in the lung, primarily in CD4+ T cells, is significantly diminished. 

STAT4 is an essential component of the IL-12 signalling pathway and plays an important 

role in Thl differentiation (Kaplan et al. 1996; Thierfelder et al. 1996) and Type I IFNs 

(Rogge et al. 1998).Whilst TcR-activated IFN-y production from effector Thl cells appear to 

be independent of STAT4, the IL-12/IL-18 pathway for IFN-y production in effector Thl 

cells relies heavily on STAT4 (Szabo et al. 2003). 

1.2.6.4 Molecular events controlling Th2 generation 

GATA-3 is a Th2-specific transcription factor, essential for T-cell development (Ting et al. 

1996; Zheng et al. 1997). GATA-3 belongs to a subfamily of zinc finger transcription factors 

that interact with specific deoxyribonucleic acid (DNA) binding sequences in the regulatory 

regions of genes encoding Th2-like cytokines. GATA-3 has been shown to be differentially 

expressed in Th2 and Thl cells, and expression of this gene is sufficient to drive Th2 

differentiation (Zhang et al. 1997; Das et al. 2001; Macaubas et al. 2001). Altered regulation 

of GATA-3 expression may be important in atopy, in as much as GATA-3 expression has 

been shown to be elevated in cells in BAL fluid and bronchial biopsy specimens of asthmatic 

patients in comparison with normal controls (Caramori et al. 2001; Christodoulopoulos et al. 

2001) and GATA-3 correlated significantly with IL-5 expression and BHR (Nakamura et al. 

1999). Furthermore, blockade of this gene with a dominant negative mutant of GATA-3 

inhibits allergic inflammation in mice (Zhang et al. 1999). 
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GATA-3 mRNA is expressed at low levels in naIve CD4+ T-cells. It is markedly up-regulated 

in cells differentiating along a Th2 lineage, and is down-regulated in Thl cells (Zhang ef al. 

1997). It seems that GATA-3 expression is alone sufficient for CD4+ Th2 cell function. 

GAT A-3 autoregulates its own promoter and appears to control the accessibility of the IL-4 

and IL-5 gene for transcription. In developing Th 1 cells, GAT A -3 overexpression blocks IFN

Y production (Ouyang et af. 1998; Lee et al. 2000) and IL-12R132. Taken together, GATA-3 

appears to be essential for Th2 cytokine production, trans activating the IL-5 promoter and 

acting as a chromatin remodelling factor, allowing the transcription of IL-4 and IL-13. 

Studies in humans have clearly shown increased GA TA-3 expression in asthma, and 

inhibition ofGATA-3 activity causes a severe blunting ofTh2 effects, both locally in the lung 

(eosinophil influx and mucus production) and systemically (1gB production) (Ray et al. 1999). 

STA T6 is required for Th2 differentiation (Kaplan et af. 1996; Takeda ef al. 1996). IL-4 

engagement with its receptor leads to phosphorylation ofSTAT6 by Janus family kinase, Jakl 

and Jak3, and results in the activation of IL-4-regulated genes such as IL-4R, 19B, Fc£R, and 

MHC class II molecules. Once translocated to the nucleus STAT6 can interact directly with 

GATA-3 to activate Th2 promoters and enhancers (Luft et af. 2004). 

The nuclear factor of activated T cells, (NF-AT) and the B cell lymphoma 6 (BCL-6) protein 

appear to be repressors of Th2 responses in vivo. BCL-6 is a potent transcriptional repressor, 

and has been shown to bind the STAT6 DNA-binding sequence in the CD23 promoter and to 

repress IL-4-induced activation of CD23 expression (Dent et af. 1997) 

The proto-oncogene c-Maf is a Th2-specific transcriptor factor that was shown to 

transactivate the IL-4 promoter (Ho et af. 1996). Unlike GATA-3, c-Mafis not sufficient for 

the initiation of IL-4 transcription and it does not regulate the expression of all Th2 cytokines 

(Kim et af. 1999). C-maf knockout mice have impaired IL-4 production and a skewed T cell 
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response toward a Thl phenotype. The concomitant expression of other more general factors, 

such as the member of the NF-AT family including NFATcl, NFATc2, NFATc3, NF-KB and 

activating protein 1 (AP-l) is required for high-level expression of the Th2 cytokine genes 

(Ray et al. 1999). NFATc1 and NFATc2 seem to exert a differential effect on ThllTh2 

differentiation as demonstrated by the fact that NF ATc2-deficient mice develop 

lymphoproliferative responses associated with an increase in Th2 responses and NF ATc1-

deficient mice produce low levels ofTh2 cytokines (Luft et al. 2004). 

In conclusion, the initiation of Th2 differentiation in antigen- and cytokine-stimulated nai"ve 

CD4+ T cells appears to be orchestrated by STAT6, which pre-exists in the cell cytoplasm. 

NF-ATp and NF-ATc also exist in the cytoplasm ofnai"ve CD4+ T cells and undergo rapid 

nuclear translocation upon stimulation of the cells. Neither GATA-3 nor c-Maf is sufficient, 

but both are critical for IL-4 gene expression in vivo. However, GATA-3 plays an essential 

role in the control of production of all key Th2 cytokines implicated in asthma pathogenesis. 

The concomitant activation of more general factors, such as NF-KB, AP-l, NF-AT and 

C/EBP~, is required for high-level expression of the Th2 cytokine genes (Figure 1.24). 
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1.3 POSSIBLE IMMUNOLOGICAL INTERVENTION IN THE 

TREATMENT OF ASTHMA 

The mainstays of current asthma therapy are agents that induce bronchodilatation (e.g. ~2 

agonists) and those that attenuate inflammation (inhaled glucocorticosteroids). Most asthmatic 

patients find these drugs effective and easy to comply with and do not experience significant 

side effects. A minority of patients, however, is resistant to this conventional regimen, and 
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rely on orally administered steroids to control disease. While usually effective, chronic 

systemic steroid therapy produces side effects, often severe. In addition, steroid therapy, 

through a non-specific suppression of the inflammatory mechanisms only indirectly addresses 

the underlying causes of atopic asthma (Foster et al. 2002). 

The 'Th2 paradigm' in allergy represents the conceptual basis for the development of novel 

therapeutic strategies. Th2 cells not only allow explanation of the joint involvement of IgE

producing B cells (via IL-4 and IL-13), mast cells (via IL-4 and IL-lO) and eosinophils (via 

IL-S) in the allergic inflammatory processes, but also account for other pathophysiologic 

features of allergic asthma. In patients with severe atopic disorders, the possibility of non

allergen-specific immunotherapeutic regimens designed to target Th2 cells or Th2-dependent 

effector molecules, such as Th2-specific transcription factors, cytokines and/or their receptors, 

or IgE, are being considered (Table 1.3 -1 ). 

Broadly speaking, switching off the Th2 driven allergic aIrway inflammation can be 

accomplished in two ways: 

1. Directly: by inhibiting Th2 cell differentiation and function by directly inhibiting Th2 

cytokines (IL-4, IL-S, IL-13) or their receptors employing humanised blocking antibodies, 

soluble receptors which bind secreted cytokines, small-molecule receptor antagonists or drugs 

that block the signal transduction pathways activated by cytokines; 

2. Indirectly: by stimulating Thl cells, resulting in the cross-inhibition of Th2 cell 

differentiation and cytokine secretion via the generation of IFN-y production. Thl stimulation 

can be achieved by administering IL-12 or IFN-y, or stimulating immune cells to secrete Thl 

cytokines employing non-pathogenic bacteria or their components (ISS, CpG, LPS 

analogues). In addition, some these interventions may induce the generation of regulatory 

cytokines (lL-1O or TGF-~) with down-regulatory effects on both Th2 and Thl cytokines. 
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Target Agent 

Prevention of T-cell activation Corticosteroids 

CTLA-41g 

Cyclosporin 

FK506 

Methotrexate 

Azathioprine 

Mycophenolate 

Suplatast tosilate 

Inhibition of Th2 cytokines/phenotype Soluble IL-4R 

Rhu lL-4 mutant proteins 

ST AT6 inhibition 

Anti IL-5 monoclonal antibodies 

GATA-3 inhibition 

Soluble IL-13Ra 

Promotion of Thl cytokines/phenotype IFN-y 

IL-12 

IL-18 

BCG 

CpG 

Anti-inflammatory cytokines IL-IO 

IL-IRa 

Inhibition of eosinophils CCR3 antagonists 

VLA4 inhibitors 

ICAM-l inhibitors 

Met-RANTES 

Met-Ckbeta7 

IgE inhibition Monoclonal anti-lgE (E25) 

TABLE 1.3-1: Novel strategies for the treatment of allergic asthma (Adapted from (Stirling et al. 2000)) 

1.3.1 Administration of IFN-y 

Promising results arose from murine asthma models in which IFN-y, given either during 

primary sensitisation or during the secondary immune response, decreased IgE production 

and airway inflammation and normalised airway function (Lack et af. 1994; Lack et al. 1996). 

A two-centre randomised, double blind, placebo controlled trial with subcutaneous IFN -y in 

asthmatic patients followed. In this study with steroid dependent asthmatic patients, no 
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beneficial effects were observed (Boguniewicz et af. 1993). Studies with aerosolised IFN-y 

showed an increase in BALF lymphocyte counts (Martin et af. 1993). Despite a significant 

reduction of eosinophils in the BALF of asthma patients exposed to aerosolised IFN-y, the 

symptom scores and pulmonary function did not change after treatment (Boguniewicz et af. 

1995). 

1.3.2 Thl transfer 

Another way of counterbalancing Th2 driven allergic inflammation is to transfer IFN-y 

secreting Thl cells. In an animal model, passive transfer of ovalbumin (OVA) specific Thl 

cells was performed either before or after sensitisation (Hansen et af. 1999). The results 

showed that an increase in airway inflammation was observed together with an augmented 

recruitment of host Thl and Th2 cells. Accordingly, transfer of OVA specific Thl cells into 

severe combined immune deficient (SCID) mice did not attenuate Th2 cell induced airway 

hyper responsiveness, but rather caused a more severe airway inflammation (Hansen et af. 

1999). Taken together, these results suggest that antigen specific Thl cells do not prevent or 

protect against Th2 mediated allergic disease, but rather initiate additional Thl driven lung 

pathology. 

1.3.3 IL-12 

The ability of 1L-12 to stimulate Th 1 immune responses has been demonstrated both in vitro 

and in vivo using animal models (Kips et af. 1996). IL-12 therapy suppressed the allergen

induced airway eosinophilia and hyperresponsiveness. Moreover, a complete inhibition of 

allergen-specific 19E synthesis was obtained when 1L-12 was given during sensitisation but 
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not during secondary challenge (Kips et af. 1996). The protection was accompanied not only 

by suppression of IL-4 but also by an increase in the IFN-y levels in the BALF. Recombinant 

human IL-12 has been administered to humans and has several toxic effects diminished by 

slow escalation of the dose (Leonard et af. 1997). In patients with mild asthma, weekly 

infusions of human recombinant IL-12 in escalating doses over four weeks caused a 

progressive fall in circulating eosinophils, a reduction in the rise in circulating eosinophils 

after allergen challenge and a concomitant reduction in eosinophils in induced sputum. 

However, there was no reduction in either the early or late response to inhaled allergen 

challenge and in BHR (Bryan et af. 2000). 

Both approaches, using IFN-yor IL-12, are associated with significant toxicity. IL-12-induced 

toxicity seems to be dependent on the induction of high IFN-y production (Car et al. 1999) as 

shown by experiments using IFN-y receptor deficient mice in which the IL-12 toxicity was 

greatly reduced. 

1.3.3.1 Anti-Th2 cytokine therapy 

Th2 cytokines and their receptors are considered to be possible therapeutic targets (Tamaoki 

et af. 2000). Cytokine antagonism can be achieved by monoclonal antibodies against the 

particular cytokine or its receptor, by receptor antagonists, or soluble receptors that act by 

preventing the binding of the cytokine to its cell-surface receptor. Numerous studies based on 

the use of knock-out (KO) and transgenic mice have proven the critical role ofIL-4, IL-5 and 

Ilr 13 not only for eosinophilic airway inflammation but also for airway hyperresponsiveness. 
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1.3.3.1.1 Anti-1L-5 

Eosinophil infiltration into the airways after allergen challenge is a consistent feature of atopic 

asthmatics (Wardlaw et al. 1988). IL-5 is predominantly an eosinophil-active cytokine in the 

late-phase response to antigen challenge (Robinson ef al. 1993) and is important for the 

recruitment and survival of eosinophils (Ohnishi ef al. 1993). By associating with its receptor, 

interleukin-5 promotes eosinophil growth and differentiation (Yamaguchi et al. 1988; 

Clutterbuck et al. 1989), migration (Warringa et al. 1992 ; Resnick et al. 1993; Broide ef al. 

2001), activation and effector function, and survival (Giembycz et al. 1999). 

T-cells are the predominant source of IL-5 in asthmatics, but IL-5 mRNA is also found in 

activated eosinophils and mast cells in tissues from patients with atopic dermatitis, allergic 

rhinitis (Brad ding et al. 1993) and asthma (Broide et al. 1992), raising the possibility that IL-5 

arises from multiple sources in atopic individuals. 

In contrast to IL-3 or GM-CSF, IL-5 alone promotes eosinophil growth and differentiation in 

the bone marrow. IL-3 and GM-CSF are also less selective than IL-5, stimulating the 

production of other granulocytes such as mast cells and neutrophils, respectively. Because 

eosinophils are a dominant cell type in allergic reactions, this exquisite specificity makes IL-5 

an excellent target for attenuating these responses. In fact, prolonged eosinophil survival and 

decreased eosinophil apoptosis caused by IL-5 are reversed by glucocorticoids (Giembycz ef 

al. 1999), which accounts for at least some of the efficacy or these agents. lL-5 may also be 

important for the recruitment of eosinophils from blood vessels into tissues because topical 

administration of recombinant human IL-5 to the nasal airway of patients with allergic rhinitis 

induces eosinophil accumulation into the nasal mucosa (Terada et al. 1992). 

Several studies have demonstrated a correlation between the activation of T lymphocytes, 

increased concentration of IL-5 in serum and BAL fluid, and increased severity of the 
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asthmatic response (Gibson et al. 1991; Robinson et al. 1993; Zangrilli et al. 1995). The 

abolition of the effects of IL-5 with antisense oligonucleotides (Karras et al. 2000) or anti -IL-

5 blocking antibodies (Menzies-Gow et al. 2002; Buttner et al. 2003; Flood-Page et al. 2003) 

or IL-5 transcription factor GATA-3 (Fin otto et al. 2001) are effective in reducing 

eosinophilic inflammation and BHR in various species. The link between IL-5, eosinophils, 

and asthma has been investigated using two humanised monoclonal antibodies specific for 

IL-5. Sch55700 (reslizumab) is a humanised monoclonal antibody with activity against IL-5 

from various species (Dent 1999; Egan et al. 1999). SB240563 (mepolizumab) is also a 

humanised antibody with specificity for human and primate IL-5 (Egan et al. 1999). A 

single-dose phase I clinical trial was conducted with Sch55700 in patients with severe 

persistent asthma who remained symptomatic despite intervention with high-dose inhaled or 

oral steroids. The two highest doses of Sch55700 significantly decreased peripheral blood 

eosinophils, with inhibition lasting up to 90 days after the 1 mglkg dose. SB240563 has also 

recently been tested in asthmatic persons in a clinical single-dose safety and activity study 

(Leckie et al. 2000). Monoclonal antibody against IL-5 lowered the mean blood eosinophil 

count and prevented the blood and sputum eosinophilia that follows allergen challenge. 

However, there was no significant effect of monoclonal antibody to IL-5 on the late asthmatic 

response or on airway hyper-responsiveness to histamine (Leckie et al. 2000). Recently, 

humanised anti-IL-5 monoclonal antibodies have been studied. Both SB-240563 and Sch 

55700 when administered to asthmatic patients have shown high efficacy in reducing 

eosinophils in the circulation and sputum, but this did not lead to any significant reduction in 

airway response to allergen or in BHR (Leckie et al. 2000; Kips et al. 2003). These studies 

confirm the importance of IL-5 in eosinophilic inflammation in humans, but question the 

causative role of eosinophils in asthma. 
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In vitro data suggest that IL-5 effects can also be down-regulated by preventing the cytokine 

from binding to its receptor (IL-5R) using human soluble receptor analogues or modified 

receptors (Devos et al. 1993; Monahan et al. 1997). A variant of the a subunit of the IL-5R 

has been described (Devos et al. 1993). This analogue does not bind to the membrane subunit 

so that no intracellular signalling takes place upon IL-5 engagement on the a subunit. 

Covalent modification of the IL-5R by isothiazolones also prevents IL-5 from binding to the 

receptor (Devos et al. 1994). 

1.3.3.1.2 Anti-IL-4 

The role of IL-4 in asthma and the effects of blocking IL-4 on allergic inflammation are 

discussed in Chapter three ofthis thesis. 

1.3.3.1.3 Anti-IL-13 

The importance of IL-13 in the development of an asthmatic phenotype is underscored by the 

fmding that IL-13 administration in naIve mice induces many of the features of asthma, 

including BHR and mucous hypersecretion, independently of eosinophilic inflammation. IL-

13 synergises with IL-4 in the IgE synthesis and potently induces the secretion of eotaxin 

from airway epithelial cells. llr 13 KO mice present with a suppressed Th2 development, 

while anti-IL-13 therapy in wild type mice actively suppresses the allergen-induced airway 

inflammation and hyperresponsiveness. Overall, llr 13 is thought to play a critical role in 

secondary immune responses, while IL-4 has its main effects on the initial Th2 cell 

development. IL-13 also binds to the a-chain of the IL-4R (Lin et al. 1995; Zurawski et al. 

1995). However, IL-13 induces IL-4-independent IgE and IgG4 class-switching by human B 
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cells (Punnonen et al. 1993). Because T cells lack functional IL-13R, IL-13 (unlike IL-4) does 

not induce Th2 cell differentiation (de Vries 1998). 

Ilr 13 signals through the IL-4 receptor a-chain but may also activate different intracellular 

pathways via activation of Ilr13Ra1, so that it may be an important target for the 

development of new therapies. A second specific Ilr13 receptor, IL-13Ra2, exists in soluble 

form and has a high affinity for IL-13, thus acting as a decoy receptor for IL-13. Soluble IL-

13Ra2 is effective in blocking the actions of IL-13, including IgE generation, pulmonary 

eosinophilia, and BHR in mice. No human clinical studies have yet examined the utility of 

neutralizing Ilr 13 in allergic disease. However, neutralisation ofIL-13 using a soluble foml 

of the IL-13Ra chain (sIL-13Ra2-IgGFc fusion protein) that specifically binds to and 

neutralizes IL-13 (Donaldson et al. 1998) caused a significant reduction in BHR, airway 

eosinophilia and mucus hyperplasia in mice (Grunig et al. 1998; Wills-Karp et at. 1998). 

Humanised Ilr 13Ra2 is now being developed as a therapeutic approach for asthma. 

1.3.4 Regulatory T-cells and the 'Hygiene Hypothesis' 

Although the Th1/Th2 dichotomy offers a theoretically attractive explanation of the 'hygiene 

hypothesis', along with the increase in 'Th2-mediated' diseases like asthma epidemiological 

studies now also show that the incidence of 'Th1-driven' diseases like type 1 diabetes, 

multiple sclerosis and inflammatory bowel disease is increasing in parallel with allergic 

disorders. This suggests that other mechanisms may account for the 'hygiene hypothesis' 

(Stene et al. 2001; Bach 2002; Gale 2002; Sheikh et al. 2003) (Figure 1.2-2). 

Interestingly, defects in the Ilr12 or IFN-y pathways do not lead to increased manifestations 

of allergies (Lammas et al. 2000), suggesting that Th1 is not a physiological regulator ofTh2 
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function. As discussed in Chapter one, attempts to treat allergic inflammation with Thl-type 

of cytokines, like IL-12 (Bryan et al. 2000) and IFN-y, have failed to confim1 a clinically 

relevant cross-regulatory properties of Thl response (Rook et al. 2004). 

Furthermore, the observation that heavy loads of helminths, which are essentially Th2 

inducing, are also correlated with reduced allergic symptoms (Yazdanbakhsh et al. 2002; van 

den Biggelaar et al. 2004) questions the validity of Th2/Thi paradigm (Rook et al. 2004). 

This effect seems associated with production of lL-lO (Yazdanbakhsh et al. 2002). A more 

direct association between helminth infections and atopy was demonstrated in a randomised, 

controlled trial on Gabonese schoolchildren with a high prevalence of intestinal helminth 

infestation. In this study, anti-helminthic treatment of chronically infected children resulted in 

increased atopic reactivity to Dermatophadoides spp. (van den Biggelaar et al. 2004). 

Indeed, there is now evidence to suggest that both allergic and autoimmune diseases represent 

the result of a defective regulation of T-cell response leading to exaggerated immune 

activation and disease development. With regard to the airway mucosal system, the 

mechanisms by which respiratory antigens induce T cell tolerance include T cell clonal 

deletion, anergy or active suppression mediated by regulatory cells secreting lL-I0 or 

transforming growth factor-~ (TGF-~) (Umetsu et al. 2002). The major route by which 

foreign antigens gain access to the body is via mucosal surfaces, such as the intestinal and the 

respiratory tract. The prevention of a destructive effector T cell response to foreign antigens in 

mice is dependent on the activity of regulatory T cells (Treg) which are CD4+CD45RB1ow 

(Mason et al. 1998). Regulatory T cells are a subset of CD4 T cells (approximately 5 -10% in 

normal individuals), and are able to produce lL-I0 and TGF-~ both in vivo and in vitro, in 

mice as well as in humans (Mason et al. 1998). 
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The development of respiratory tolerance is initiated by uptake of antigen in the lungs by 

immature dendritic cells (DC): pulmonary DC migrate to the draining bronchial lymph nodes 

where they mature, transiently produce IL-l 0, and express high amounts of B7-l (CDSO) and 

B7-2 (CDS6) co-stimulatory molecules. 

Studies in mice show that pulmonary DC from mice exposed to respiratory antigen produced 

Ilr 1 0 and were able to stimulate the development of Treg that, in turn, also produced high 

amounts of IL-1 O. In addition, adoptive transfer of pulmonary DC from IL-10+1
+, but not IL-

10-1-, mice exposed to respiratory antigen induced antigen-specific unresponsiveness in 

recipient mice. These studies show that IL-1 0 production by DC is critical for the induction of 

tolerance, and that phenotypically mature pulmonary DC mediate tolerance induced by 

respiratory exposure to antigen as IL-IO monoclonal antibody (mAb) blocks this process 

(Akbari et al. 2001). 

Commensal bacteria and bacterial products that colonise the gastro intestinal tract during 

infancy provide a major stimulus for postnatal regulation and maturation of Th cell function 

and development of Treg cells (Holt et al. 1997). Since Treg cells control immune reactions to 

commensal and pathogenic bacteria, the establishment of these tolerance mechanisms at 

mucosal surfaces and the delopment of Treg cells may require the presence of commensal 

bacteria in the gastrointestinal and upper respiratory tracts (Sudo et al. 1997; Umetsu et al. 

2002; Caramalho et al. 2003). This is demonstrated by the observation that immune tolerance 

induced by mucosal exposure to antigen does not seem to occur in newborn animals 

maintained in an germ-free environment (Sudo et al. 1997; Umetsu et al. 2002), which 

indicates that normal microbial flora in the intestine, and perhaps in the upper respiratory 

tract, have significant effects on tolerance to mucosally derived allergens (Kohashi et al. 1979 

; Sudo et al. 1997). Commensal bacteria may enhance production of IL-lO and TGF-~ 
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through mechanisms that involve the innate immune system, downregulating the Th2 

response to allergens. It has been observed that monocytes from patients with severe asthma 

show reduced IL-10 release after stimulation with Lipopolysaccharide (LPS) and significantly 

less positive staining for IL-1 0 (Tomita et af. 2002), and it seems also that asthmatic patients 

can carry an 1L-10 gene haplotype associated with low IL-1 0 production (Lim et af. 1998) or 

a polymorphisms of IL-1 0 and TGF-~ 1 and TGF-~2 that are associated with elevated IgE 

production (Hobbs et af. 1998). Similarly, children with atopic dennatitis had a high odds 

ratio of having a low TGF-~1 producer genotype compared with control subjects (Arkwright 

et af. 2001). 

In view of the relationship between IL-1 0, TGF-~ and immunoregulation, it may also be 

relevant that polymorphisms of cytotoxic T-Iymphocyte antigen-4 (CTLA-4 ) have been 

linked to the severity of asthma and BHR (Lee et af. 2002). The genotypes of the CTLA-4 

promoter polymorphism was shown to be associated with asthma severity, but not with 

asthma, atopy, or BHR. (Lee et aZ. 2002). This molecule plays a critical role in the function of 

Treg cells. 

Recently a novel explanatory model for the hygiene hypothesis has been proposed. According 

to this model mycobacterial infections could inhibit Th2 responses by stimulating the 

expansion of Treg cells and the consequent production of IL-1 0 and TGF -~ (Zuany-Amorim 

et af. 2002; Zuany-Amorim et af. 2002). IL-lO is generally considered primarily anti

inflammatory. It is produced by macrophages and T cells during M. tuberculosis infection, 

possesses macrophage-deactivating properties, including downregulation of IL-12 production, 

which in tum decreases IFN-y production by T cells. Macrophages from tuberculosis patients 

suppress T cell proliferation in vitro, and inhibition of IL-IO partially reversed this 
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suppression (Gong et af. 1996). IL-10 directly inhibits CD4+ T cell responses, as well as 

inhibiting APC function of cells infected with mycobacteria (Rojas et af. 1999). 

Transforming Growth Factor-~ (TGF-~) has also been implicated in the suppression ofT cell 

responses in tuberculosis patients (Hirsch et af. 1997; Flynn et af. 2001). TGF -~ is present in 

the granulomatous lesions of tuberculosis patients and is produced by human monocytes after 

stimulation with M. tuberculosis or lipoarabinomannan (Toossi et af. 1995; Dahl et af. 1996; 

Flynn et aZ. 2001). It appears to inhibit T cell responses to M tuberculosis as well as 

participating in macrophage deactivation (Hirsch et af. 1997; Flynn et af. 2001). 

TGF-~ is also able to promote conversion of naIve peripheral CD4+CD2Y T cells into 

anergic/suppressor cells that are CD25+CD45RB-/1ow and intracellular CTLA-4+ (Chen et af. 

2003). These converted anergic/suppressor cells are unresponsive to TcR stimulation, express 

TGF-~, and inhibit antigen-specific CD4+ T cell expansion in vivo. In a murine asthma model, 

the co-administration of these TGF-~-induced suppressor T cells prevented Der p-induced 

allergic pathogenesis in lungs (Chen et af. 2003). 

The factors responsible for the generation of Treg cells from naIve CD4 cells have not yet 

been fully characterised. However, recent analyses of genetic disorders causing a global 

immune dysregulation of both Th2 and Th 1 immunity, that results in severe atopy associated 

with autoimmune diseases, have identified the forkhead/winged helix transcription factor 

Foxp3 (reviewed in (Hori et al. 2004)) as a crucial factor for the generation of Treg cells. 

TGF-~ induces Foxp3 gene expression in TcR-stimulated CD4+CD25- naIve T cells, and 

Foxp3, in tum, mediates the transition of CD4+CD2Y cells toward a regulatory T cell 

phenotype (Chen et af. 2003). 
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Foxp3 expressed by Treg cells is fundamental to their development and function (Fontenot ef 

al. 2003; Hori et al. 2003). Foxp3 deficient mice lack Treg cells and the disease phenotype 

can be prevented by the transfer of CD4+ CD2S+ Treg cells. 

In human allergic disorders, Treg cells are present and functional and are able to inhibit Th 1 

as well as Th2 cytokine production (Bellinghausen ef al. 2003). Furthennore, grass pollen 

immunotherapy has been shown to result in a population of circulating T cells that express the 

IL-IO+CD4+CD2S+ phenotype in response to allergen restimulation (Francis ef al. 2003). 

Similarly, IL-IO and TGF-B suppress the immune response to aero allergens and control 

allergic inflammation caused by mucosal allergen in healthy individuals as well as in patients 

receiving specific immunotherapy (Jutel et al. 2003). 

A recent study using PBMC of healthy and allergic individuals has shown that Treg cells 

represent the dominant subset specific for common environmental allergens in healthy 

individuals; in contrast, there is a high frequency of allergen-specific IL-4-secreting T cells in 

allergic individuals, indicating that a change in the dominant T-cell subset - frequency of 

allergen-specific Treg over Th2 -may lead to allergy development or vice versa in recovery 

(Akdis et al. 2004). Treg cells are able to exert both an allergen-specific and bystander 

suppression of T cell proliferation in response to allergen stimulation in vitro. Akdis et aI, 

speculate that, depending on their frequency, the first T cell that contacts the APC may be 

very critical in the subsequent decision to stimulate or suppress the specific immune response. 

If the first T cell to contact the APC is a Treg cell, it may silence or regulate the maturation of 

APC through a variety of mechanisms that include the generation of IL-lO, TGF-B or the 

engagement of inhibitory co-stimulatory molecules like CTLA-4 and PD-I (Akdis et al. 

2004). 
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There is now evidence to suggest that the bacteria involved in the 'hygiene hypothesis' are not 

those that cause infectious diseases but the hannless commensal species present in the 

environment throughout human evolution and are now recognised by the innate immune 

system avoiding triggering a destructive responses. In an elegant review Rook et aI, (Rook et 

al. 2003) ask why should diminished exposure to microorganisms result in the inadequate 

priming of Treg cells. They argue that after the effector response has reduced pathogen 

numbers to low levels, Treg cells may help to tenninate the response. Moreover, Treg cells 

may stop their complete elimination, and so maintain a constant antigen source and immune 

stimulus, resulting in concomitant immunity to re-infection (Belkaid et al. 2002; Rook et al. 

2003). The organisms most likely to have a highly developed ability to drive Treg cells are 

harmless 'old friends' and commensals that have been present throughout our evolutionary 

history, particularly Lactobacilli (Kalliomaki et al. 2003), saprophytic environmental 

mycobacteria (Rook et al. 1998; Rook et al. 2003), the helminths (Yazdanbakhsh et al. 2002; 

Rook et al. 2003) and bacterial DNA. 

1.4 BACTERIAL PRODUCTS AND ATOPIC DISEASES 

Although the currently available treatments for controlling the symptoms of asthma are 

effective, none of these therapies can cure established asthma. Furthennore, corticosteroids 

lose their beneficial effects soon after they are discontinued and theoretically, owing to their 

unselective immunosuppression, this could lead to inhibition of lymphocytes with 

immunoregulatory properties such as Treg cells with the effect of preventing the development 

of tolerance to allergens. 
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The hypothesis that the significant increase in asthma is due to a lack of tolerance to 

environmental allergens, leads to the speculation that treatments potentially able to induce 

tolerance to these agents could represent effective treatments for allergic asthma. 

Therefore, the use of molecules that cause inhibition of the immune response by activating 

tolerogenic or regulatory mechanisms could lead to a more effective and possibly more long

lasting protection against the Th2-mediated inflammatory responses to allergens. 

1.4.1 Immunostimulatory sequences with CpG motifs 

Bacterial DNA (but not mammalian DNA) is known to be mitogenic for mammalian 

lymphocytes and is an important inducer of IFN-y (Yamamoto et af. 1992). Bacterial DNA 

has a higher frequency of un methylated 'CpG motifs' (5'-pur-pur-CpG-pyr-pyr-3') containing 

oligodeoxynucleotides (ODN) (Krieg et al. 1995), while vertebrate and plant DNA has a 

much lower frequency (Bird 1986). These sequences stimulate elements of anti-bacterial 

innate immunity, such as antigen-presenting dendritic cells and NK cells that produce IL-12, 

IFN-a/y, TNF-a and IL-18 to stimulate a Thl response (Askenase 2000). In a murine model 

of asthma, the co-administration of ODN containing the CpG motifs with allergen prevented 

airway eosinophilia, Th2 cytokine production, 19E production and BHR (Lipford et aZ. 1997; 

Kline et aZ. 1998; Broide et af. 1999). In humans, CpG DNA may potentially suppress Th2 

responses, including IgE to allergen, via IFN-y or 1L-I0 or via CD8 cells (Cho et af. 2000; 

Horner et al. 2000; Marshall et af. 2000) 

A comparison of the effects of steroids and CpG motif -containing immunostimulatory 

sequences (ISS) in a mouse model showed that both treatments inhibited IL-S production, but 

only ISS treatment induced IFN-y production, suggesting that only ISS treatment resulted in 
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immunomodulation (Broide et af. 1998). Synthetic ISS, where the immunostimulatory DNA 

was conjugated to a specific ragweed allergen (Amb a 1 protein) was tested for 

immunotherapy in mice. This led to a Th1 biased response to Amb a 1, with production of 

IFN-y dependent IgG2a and IgG2b antibody isotypes and inhibition of IgE production (Tighe 

et af. 2000). ISS-ODN also led to a significant increase of IFN-y production by NK cells 

through an IL-12-dependent mechanism and increased mRNA expression oflL-12 and IL-18 

in PBMC and monocyte-derived dendritic cells both in atopic and non-atopic individuals. In 

PBMC from atopic patients stimulation with ISS-ODN led to IgE inhibition. ISS-ODN 

induced lL-12, lFN-a, lFN-y, IL-lO and lL-6 production from hPBMCs from both non-atopic 

and atopic donors, and increased expression of IFN-y receptor and decreased expression of 

IL-4 receptor on B cells from both atopic and non-atopic donors (Homer et af. 2001; 

Matricardi et af. 2003). Furthermore, ISS-ODN inhibited IL-4-dependent IgE production in 

vitro. Neutralisation of IL-12, IFN-a, IFN-y and IL-10 attenuated the inhibitory activity of 

ISS-ODN on IgE production (Homer et af. 2001; Matricardi et af. 2003). Although 

immunomodulation is the primary aim in the treatment of allergic diseases, achieving down-

regulation of Th2 cells by means of inducing a strong Th1 immunoresponse may not be the 

desirable long-term solution and, as previously discussed, it could facilitate the development 

of autoimmune diseases. 

1.5 IMMUNE RESPONSE TO MYCOBACTERIA 

Mycobacteria can be classified into slow-growing pathogenic species (e.g. M tuberculosis 

and Mycobacterium bovis) and fast-growing species that are generally non pathogenic (e.g. 

Mycobacterium smegmatis and Mycobacterium vaccae) and can be isolated from 

environmental sources, such as soil and water (van Crevel et af. 2002). 
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It has been suggested that the exposure to environmental non-pathogenic mycobacteria could 

influence the course of several infectious, inflammatory and allcrgic diseases (Rook et al. 

1998). However, the precise mechanisms underlying the effects of environmental 

mycobacteria on the immune response have not yet been fully elucidated. 

Several steps in the interaction between the host immune system and mycobacteria could be 

responsible for the postulated preventive effect on inflammatory diseases. 

A better understanding of the mechanisms linking the immunity to microbial components and 

allergic response is required in order to elucidate the molecular basis of the 'hygiene 

hypothesis' and for the identification and development of novel treatment for allergic and 

other inflammatory diseases. 

1.5.1.1 Mycobacterial cell-wall components: lipoarabinimannan and 

related lipoglycans 

Most of the mycobacterial lipid antigens are constituents of the bacterial cell wall and are 

believed to play important roles in the physiology and virulence of the bacterium as well as in 

the modulation of the host immune response. The most immunogenic mycobacterial 

lipoglycans are lipoarabinomannan (LAM), lipomannan (LM) and phosphatidyl-myo-inosito 

mannosides (PIM) that are found ubiquitously in the envelopes of all mycobacterial species 

(Briken et al. 2004). PIM, LM and LAM all share a conserved mannosyl-phosphatidyl-myo

inositol (MPI) that is presumably used to insert these structures into the plasma membrane 

(Briken et al. 2004). It is still unclear which lipids are more frequently immunogenic, the 

relative importance of the lipid antigens shed by living bacteria compared to those that are 

covalently attached to the cell wall, and the difference between pathogenic and non-
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pathogenic speCIes m the induction of a protective mm1Une-response and induction of 

tolerance. 

The best-studied mycobacterial component is the cell-wall glycolypid lipoarabinomannan 

(LAM), which can be classified into three major structural families according to the capping 

motifs present on the non-reducing termini of the arabinosyl side-chains. The arabinan tem1ini 

in the pathogenic strains are modified with mannosides caps (Nigou ef al. 1997; Khoo ef al. 

2001; Guerardel et al. 2003; Briken et al. 2004), resulting in molecules designated ManLAM. 

In the fast-growing non-pathogenic species branches of the tenninal arabinan are tenninated 

by inositol phosphate caps (Briken et al. 2004), characterising the PILAM family. A third 

LAM family, designated AraLAM, recently identified in M chelonae, comprises a LAM 

molecule devoid of both the manno-oligosaccharide and inositol phosphate caps (Guerardel ef 

al. 2002; Briken et al. 2004; Koul et al. 2004; Quesniaux et al. 2004). PILAMs activate 

macrophages in a TLR2-dependent manner by activating the NF-K13 signalling pathway 

whereas the anti-inflammatory effects of ManLAMs have been attributed to their binding to 

the mannose receptor or to DC-SIGN (Nigou et al. 2001; Geijtenbeek ef at. 2003; Maeda cf 

al. 2003; Quesniaux et al. 2004). This suggests an interesting structure-function relationship 

of LAM, with PILAMs inducing TNF-a and IL-12, and ManLAMs inducing IL-10 and 

inhibit IL-12 and TNF-a synthesis (Nigou et al. 2001; Geijtenbeek et al. 2003; Maeda et al. 

2003; Quesniaux et al. 2004). LMs, the biosynthetic precursors of LAMs, can activate 

macrophages, induce expression of co-stimulatory molecules such as CD40 and CD86 and 

cytokine synthesis such as TNF-a, IL-8 or IL-12 (Quesniaux et al. 2004). 

The regulation of the arabinosyltransferases determining the balance between PIM, LM and 

LAM synthesis by mycobacteria might determine a variety of immunomodulatory signals and 

the outcome of innate immunity against mycobacteria (Nigou et al. 1997; Quesniaux et al. 
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2004). Differences in the structural organisation of the cell wall and the LAM/LM ratio 

between pathogenetic and saprophytic mycobacteria may lead to different immune responses 

which involve different receptors and variable interaction with TLR2 (Briken ef al. 2004). 

1.5.1.2 Receptors for pa thogen recognition 

Recognition of mycobacteria starts with their interaction with APC receptors for conserved 

molecular structures on bacterial pathogens ("pathogen-associated microbial patterns", 

PAMP) termed "pattem recognition receptors" (PRR) (Janeway 1992). PPR include different 

receptors, belonging to multiple structural families which either bind to non-opsonized 

mycobacteria (macrophage mannose receptor (MR), which recognises terminal mannose 

residues on mycobacteria) or recognise opsonins on the surface of mycobacteria through 

complement receptor 1 (CR1), CR3 (CDllb/CDI8), and CR4 (CDllc/CDI8) (van Crevel ef 

al. 2002). The main PRR for mycobateria are the following: 

The Toll-like receptors (TLR), which can recognise glycolipds, lipoproteins, heat-shock 

proteins and oligodeoxynucleotides (Cook et al. 2003); 

C-type lectin receptors (CLR), that contain carbohydrates-recognition domains (CRD) 

with specificity for sugars expressed on the bacterial surface. CLR family comprise 

several receptors, including DC-SIGN (DC-specific intercellular adhesion molecule-3 

grabbing nonintegrin), (Cambi et al. 2005) and mannose receptors, expressed on mature 

macrophages. Both receptors bind LAM, mediate phagocytosis of whole bacteria, and 

deliver LAM to endocytic compartments that contain CD 1 b, thereby facilitating 

presentation of mycolic acid and lipoglycan antigens to CD4- CD8-T cells or CD8+ T 

cells (Prigozy et al. 1997; Emst 1998; Geijtenbeek et al. 2003). DC-SIGN is frequently 

co-expressed with mannose receptors, binds mainly to mannose capped 
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lipoarabinomannans (ManLAM) and seems to be induced by Th2 cytokines such as IL-4. 

The relationship between IL-4 and the expression of DC-SIGN, may alter the balance 

between DC-SIGN and TLRs and, ultimately, influence the Th1ITh2 effector phenotype 

in allergic (prevalence of DC-SIGN signalling) and non allergic (prevalence of TLR) 

environment. 

CD40 and CD44 (Kaufmann 2003; Quesniaux et al. 2004). CD40 is upregulated by 

mycobacteria and can bind mycobacterial Heat-Shock Proteins (hsp70) (Henderson ef al. 

1997; Lazarevic et al. 2003). Soluble CD44 and macrophage-bound CD44 binds to 

mycobacteria and is important in macrophage recruitment and mycobacterial 

phagocytosis (Lazarevic et al. 2003; Leemans et al. 2003). 

Nucleotide-binding oligomerisation domain (NOD) proteins which recognise intracellular 

pathogen ligands such as peptidoclycans, muramyl dipeptides and diaminopimelate

containing N-acetylglucosamine-N-acetylmuramic acid (GlcNAc-MurNAc) tripeptide 

(Chamaillard et al. 2003; lnohara et al. 2003; Quesniaux et al. 2004); 

CD14, a phosphatidylinositol glycan-linked membrane protein, can also bind LAM in 

association with TLR2. 

1.5.1.3 Toll-Like Receptors 

Cells of the innate immune system can recognise mycobacteria antigens, such as lipoproteins 

and lipoglycans, through the family ofTLRs. 

Stimulation via TLR on APC results in rapid activation of innate host defense mechanisms 

such as secretion of cytokines and production of reactive nitrogen intermediates (RNI). 

55 



Several studies have described the interaction of mycobacteria secreted antigens and TLRs 

(Krutzik et af. 2004). 

Mycobacterial components are recognised by TLR2, TLR4 and TLRlITLR6 that 

heterodimerise with TLR2 (Aliprantis et al. 1999; Tsuji et af. 2000; Quesniaux et af. 2004). 

Some TLR proteins have been shown to utilise co-receptors that augment TLR-dependent 

responses and, in some cases, are required for TLR function. For example, both CDl4 and the 

B2 integrin CD 11 blCD 18 have been shown to augnlent responsiveness to the TLR4 and also 

to TLR2 mediated by AraLAM (Heldwein et al. 2002). 

TLR2 and TLR-4-dependent cell activation seems to be mediated by LAM, LM 

(lipomannan), phosphatidyl-myo-inositol mannoside (PIM) , or the 19-kDa mycobacterial 

lipoprotein [Reviewed in (Briken et al. 2004; Quesniaux et al. 2004)]. Different mycobacteria 

vary in their ability to stimulate TLR4, and although both TLR2 and TLR4 can participate in 

the activation of macrophages by intact bacteria, the relative contributions of these TLR 

proteins to cellular responses remains to be detennined. 

Mycobacterial lipoproteins exist in a diacylated and triacylated fonn. TLR61 TLR2 

heterodimers recognises diacylated lipopeptides along with TLR2 (Krutzik et al. 2004) and 

TLRlITLR2 recognises the lipid configuration of the native mycobacterial lipoprotein as well 

as triacylated lipopeptides (Takeuchi et al. 2002). 

It seems plausible that heterodimerisation of different TLRs may allow for recognition of 

different ligands and activation of distinct gene programs based on the specifc composition of 

the cells wall of different mycobacterial species (Ozinsky et al. 2000; Bulut et al. 2001). 

Furthennore, the presence of different mycobacterial antigens such as heat-shock proteins -
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which interact with TLR4 - and bacterial DNA may activate different TLR such as TLR9, not 

otherwise recognised by cell-wall antigens (Cook ef al. 2003). 

Studies have shown that mycobacteria-mediated TLR2 signaling can cause NF -kB-dependent 

llr 12 synthesis, with consequent generation of mature Dendritic Cells able to stimulate Th 1-

type immune response, but also can induce the secretion of anti-inflammatory cytokine IL-l 0 

(Jang et al. 2004). Consistent with its anti-inflammatory properties, infected mice lacking 

TLR2 succumb to mycobacterial infections probably because of an exaggerated inflammatory 

(van Crevel et al. 2002; Drennan et al. 2004; lang et af. 2004). While both TLR2 and TLR4 

signalling induces IL-12p40 expression, only TLR4 stimulation leads to a complete IL-12p70 

synthesis by DCs. On the contrary, TLR2 activation leads to the induction of llr 12p40 

homodimers (in the absence of IL-12p35) that can act as IL-12 antagonists (Germaml et al. 

1995; Heldwein et af. 2002). Furthermore, DC activation via TLR2, but not via TLR4, 

induces the expression of p19, which forms heterodimers with Ilr12p40 to form IL-23. 

Although 1L-12 and IL-23 have structural similarities, the effects of IL-23 seem less 

dependent on IFN-y and are related to both the upregulation of pro-inflammatory cytokine IL-

17 and the up-regulation of 1L-10 (Happel et al. 2005; Happel et al. 2005) possibly due to 

proliferation of regulatory T cells (Oppmann et af. 2000). These differences could be 

secondary to the ability ofTLR4, but not TLR2, to activate IFN-re!,'Ulatory factors (IRF 1,2,3) 

and induce the synthesis ofIFN-~ (Sabroe et al. 2003). There is also evidence that TLRs can 

desensitise their own signalling, and also that TLR4 and TLR2 can heterologously desensitise 

each other (Dobrovolskaia ef af. 2003). Suppressor of cytokine signaling 1 (SOCS-l), a 

member of the suppressor of cytokine signalling family that suppresses the lAK-STAT 

signalling cascade activated by proteins such as IFN-y, also reduces NF-kB activation by LPS 
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(as TLR4 agonist) and appears to be involved in TLR4 homologous desensitisation [reviewed 

in (Sabroe et al. 2003)]. 

Finally, TLR2 and TLR4 induce a different set of chemokines with TLR2 favouring the 

induction of IL-8 expression, whereas TLR4 induces RANTES expression (Re et al. 2001; 

Heldwein et al. 2002). 

The differential effect on TLR stimulation and ultimately cytokine synthesis seems to be 

dependent on the virulence of the microorganism, the lipid composition of the cell-wall 

membrane and the cytokine environment in which antigen presentation takes place. 

1.5.1.4 Cross-regulation between C-Iectins and Toll-Like receptors 

As discussed, the ability of mycobacteria to induce a Thl response is related to the 

stimulation of TLR2 and TLR4. C-Iectins receptors can counter-regulate TLR-mediated Th 1 

signals. The best studied molecule is DC-SIGN. DC-SIGN binds strongly to mannose-capped 

cell-wall component ManLAM (van Kooyk et al. 2003), but does not bind to LAM without 

the mannose cap (AraLAM). This is intriguing because ManLAM is abundant in slow 

growing virulent mycobacteria, such as M tuberculosis and M leprae, whereas AraLAM is 

abundant in fast growing atypical, non-virulent mycobacteria, such as M smegmatis, M 

fortuitum and M chelonae (van Kooyk et al. 2003). 

The interaction between DC-SIGN and its ligand ManLAM - either membrane bound or 

secreted - can alter the immune response antagonising the effect of TLRs (Nigou et al. 2001; 

Geijtenbeek et al. 2003) and blocking the TLR4-dependent IL-12 secretion (Nigou et al. 

2001). This can occur in an antigen-specific manner, but can also interfere with the immune 

function of bystander DCs. 

58 



Studies on M bovis BCG (Geijtenbeek et al. 2003) have shown that M bovis BCG induce the 

maturation of DCs and IL-12 synthesis, probably through TLR2 and TLR4 signalling (Tsuji 

et af. 2000). ManLAM specifically blocked the M bovis BCG-induced maturation of DCs 

and IL-12 synthesis and these effects were dependent on DC-SIGN and mediated by IL-I0 

secretion (Geijtenbeek et aZ. 2003). The inhibition of DC maturation and the induction of IL-

10 might have an important effect on establishing a state of immune tolerance and create the 

optimal environment for the generation of regulatory cells (Jonuleit et af. 2000). The balance 

between immune activation and immune suppression therefore becomes tightly regulated by 

the level ofTLR activation and the occupancy ofC-type lectins. 

It is possible that other C-type lectins can recognise non-pathogenic mycobacteria alone or 111 

association with DC-SIGN, regulating DC -induced T-cell responses either to Th 1 or Th2 

type. 

1.5.1.5 T-Cell Subpopulations 

Response to mycobacteria involves different T-cell subpopulations (Kaufmann 2003) 

[reviewed in (Stenger et al. 1999)]. These comprise the following: 

1. Classical T-Iymphocytes expressing the up T-cell receptor (TCR), both CD4 and CD8 

cells, respectively recognising antigens in the contest of MHC class II, and MHC class I 

molecules. The effects on the immune response to mycobacteria are mediated by effector 

cytokines, particularly IFN-y, and by contact-mediated cytolitic activity which has been 

demonstrated for both CD8+ and CD4+ cells (Yoneda et aZ. 1998). CTL activity seems 

dependent on both the Fas-Fas ligand (Fas-L) pathway and the granule exocytosis pathway of 

cytotoxicity (Lewinsohn et af. 1998; Oddo et al. 1998). However, as will be described below, 
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CD4+ cells may acquire a regulatory phenotype and secrete IL-I0 and TGF-~, resulting in an 

attenuated inflammatory response with further expansion of natural Treg cells, which in tum 

secrete more IL-I0 and TGF-~. 

2. CD8 a~T cells that recognise bacterial peptides presented by nonclassical non-polymorphic 

MHC class Ib molecules (Stenger et af. 2002). 

3Double-negative (DN), (CD4-, CD8-) a~T cells that recogmse bacterial glycolipids 

presented by the non-classic MHC class I-like CDI molecules (CDl-restricted). Although the 

CDI polypeptides present some homologies with MHC class I or Ib molecules, they are 

encoded outside of the MHC (Porcelli et af. 1999) and this characteristic defines CD I 

polypeptides as a distinct family of nonpolymorphic antigen-presenting molecules. In 

humans, four major types of CD 1 molecules can be distinguished (CDla to CDld). CDla, b 

and c are primarily expressed on conventional antigen-presenting cells, are capable of 

presenting mycobacterial glycolipids to T cells and also to unconventional a~T cells (Porcelli 

et al. 1999). Moreover, mycobacterial glycolipids have been identified in apoptotic vesicles, 

where they could be transferred from infected macrophages to bystander DC and 

subsequently presented to T cells (Schaible et af. 2000) ).CD I-restricted T cells playa major 

role in the early recognition of mycobacteria, maturation and instruction of DC towards a 

type-l phenotype (Vincent et al. 2002; Rook et al. 2003). These cells also have both effector 

and cytotoxic functions. However they seem to rely entirely on a Fas-FasL pathway with no 

effect on the viability of mycobacteria. This mechanism can contribute to the creation of 

peripheral tolerance and down regulation of the inflammatory response (Stenger et al. 2002). 

4.CD4 or DN a~ T cells that generally co-express the NK cell marker and are specific for 

group 2 CD I molecules 
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5.y8 T-Iymphocytes cells recognising unusual antigenic ligands independently of specialised 

presentation molecules. Antigen-specific y8 T play a role in the early response to 

mycobacteria and they are able to mount both an innate and adaptive immune response (Chen 

2005). y8 T cells from the peripheral blood of healthy individuals are strongly reactive to 

mycobacterial components in vitro. The sole mycobacterial antigens recognised by y8 T cells 

are small-molecular-weight nonproteinaceous phosphorilated molecules (Chen 2005). These 

phospholigands directly bind and stimulate the major subset of y8 T cells in humans 

expressing the V y2V 8 2 TCR (Kaufmann 2003) which constitute 60-95% of the total 

circulating pool ofy8 T cells. Increased numbers ofy8 T cells have been frequently identified 

at sites of inflammation and are expanded during mycobacterial infections. The degree of 

expansion ofy8 T cells seems dependent on the virulence, dose and route of infection (Chen 

2005). Systemic infections achieve the greatest clonal expansion, whereas pulmonary 

exposure induce a lower expansion which is detectable in the lung but not in the circulation 

(Chen 2005). y8 T cells that have undergone clonal expansion after mycobacterial infection 

show a memory phenotype CD45RACD27+. Because y8 T cells are activated prior to y8 T 

cells, they could fill a gap between early, nonspecific resistance mediated by the im1ate 

immune system and the later highly specific acquired immune responses mediated by y8 T 

cells. y8 T cells play also an important role in down-regulating the degree of inflammation 

(and in so doing possibly contribute to more chronic infectionslimmunity) by up-regulating 

Fas and enhancing apoptosis mediated by Fas-FasL (Li et al. 1998; Manfredi et al. 1998). 
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1.5.1.6 Cytokines 

A variety of cytokines, including TNF-a, IL-l~, IL-6, IL-12, IL-15, ILl 8, IL-23, are 

generated following mycobacterial infection. 

Ilr12 is a key player in host defense against M tuberculosis. IL-12 is produced mainly by 

phagocytic cells and has a crucial role in the induction of IFN-y production together with IL-

18 and IL-15. IL-15 resembles IL-2 in its biologic activities, stimulating T-cell and NK-cell 

proliferation and activation (van Crevel et af. 2002). Unlike IL-2, however, IL-15 is primarily 

synthesised by monocytes and macrophages. 

Mycobacteria can induce secretion of IL-lQ and transfonning growth factor beta (TGF-~) 

with anti-inflammatory properties. IL-lQ is produced by macrophages and T cells after 

phagocytosis of M tuberculosis (Shaw et af. 2000) and after the binding of mycobacterial 

LAM (Dahl et al. 1996), IL-10 down-regulates MHC class I, MHC class 11, CD40, B7-1, and 

B7-2 expression (Rojas et af. 1999) 

T lymphocytes, including M tuberculosis-reactive T cells, are also capable of producing IL-

10 (Gerosa et af. 1999; Boussiotis et af. 2000; van Crevel et af. 2002). 

Mycobacterial products induce production of TGF--~ by monocytes and dendritic cells. 

Interestingly, LAM from virulent mycobacteria selectively induces TGF-~ production. TGF-~ 

and IL-IO seem to synergise: TGF-~ selectively induces IL-10 production, and both cytokines 

show synergism in the suppression of IFNy- production. 

In addition to the TLR-2-dependent pathway, mycobacteria can induce llr 10 synthesis 

through the interaction between Man-LAM and the C-type lectin DC-SIGN. This blocks the 

maturation of DC and suppresses T-cell activation (Geijtenbeek et af. 2003; Tailleux et af. 

2003; Koul et af. 2004). Interestingly BCG can cause IL-IO secretion even in the absence of 
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DC-SIGN implying that other receptors may also be involved in the process (Gagliardi et al. 

2005) 

Because of the ability of mycobacteria to powerfully induce a Th1 response and, depending 

on the species of mycobacteria or the conditions of the host, a regulatory T cell phenotype, 

mycobacteria and their components have been investigated as a pharmacological tool for the 

prevention or treatment ofTh2-mediated diseases. 

In the next section I will discuss the epidemiological links between immunity to mycobacteria 

and atopy and subsequently I will discuss the characteristics of two immunopreparations 

derived from a non-pathogenetic mycobacterium - Mycobacterium vaccae - which I have 

used in a clinical trial for the treatment of adult asthma. The results of the study are presented 

in Chapter three of this thesis. 

1.6 MYCOBACTERIA AND ATOPIC DISEASES 

Ecological analyses have repeatedly and consistently found an inverse association between 

the prevalence of tuberculosis (TB) in a given country and the prevalence of atopic disorders 

(von Mutius et al. 2000; Matricardi et al. 2003). One study evaluated retrospectively the 

occurrence of allergic disease among Finnish adults who had had TB in the first two decades 

of their life. A TB notification rate of 25 per 100,000 was associated with an absolute 

decrease in the prevalence of wheeze ever of 4.7% (von Mutius et al. 2000). 

Recently, Shirakawa et al. (Shirakawa et al. 1997) demonstrated a strong inverse association 

between delayed hypersensitivity to M tuberculosis antigen and atopic disorders (asthma and 

rhinitis) in Japanese school children vaccinated with M bovis BCG. Positive tuberculin 

responses predicted a lower incidence of asthma, with cytokine profiles biased toward the Th 1 

type. Total IgE and Th2 responses to a range of environmental allergens are associated with 
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atopic disease (Pahari et af. 2002). Shirakawa et al. (Shirakawa et al. 1997) suggested that 

early exposure to mycobacterial antigens could skew this response towards a Th1 profile. 

Mycobacterial infections evoke a strong Th1 response in the lung aimed at generating a Th1-

driven granulomatous response. Human studies have shown that stimulation with 

mycobacteria increases IL-12 production (Munk et al. 1995; Munk et al. 1996). It is likely 

that infection with mycobacteria sets up an environment rich in IL-12 and IFN-y. Antigen 

presentation in this cytokine environment is likely to drive the T-cell towards a Thl 

differentiation. IL-12 is a crucial cytokine in controlling M tuberculosis infection. Early 

administration of IL-12 to M tuberculosis-infected BALB/c mice resulted in significantly 

decreased bacterial numbers and increased mean survival time (Flynn et al. 1995; Flynn et al. 

2001). Convincing evidence of the importance of IL-12 in resistance to tuberculosis was 

provided by IL-12p40-gene deficient mice who are susceptible to infection and have a greatly 

increased bacterial burden, probably due to the substantially reduced IFN-y production in IL-

12p40-l- mice (Cooper et af. 1997). Humans with mutations in IL-12p40 or the IL-12 receptor 

genes present with reduced, but not absent, IFN-y production from T cells, and are more 

susceptible to disseminated BCG and M avium infections. IFN-y is another key cytokine in 

controlling M tuberculosis infection. To date, IFN-y knockout mice are the most susceptible 

to M tuberculosis (Cooper et af. 1993; Flynn et af. 1993). Individuals defective in genes for 

IFN-y or the IFN-y receptor are prone to serious mycobacterial infections, including M 

tuberculosis (Ottenhoff et af. 2000). 

64 



1.6.1 BeG and allergy 

Exposure to pathogenic or environmental mycobacteria, has been associated with a reduced 

propensity to develop asthma and other allergic diseases (Rook et al. 1998). 

Mice treated with BeG up to four weeks prior to ovalbumin challenge showed a significant 

reduction in pulmonary eosinophilia compared to control mice. Aerosolised administration of 

BeG inhibited a pulmonary Th2 cytokine response and airway eosinophilia (Erb et al. 1998). 

Similarly, BeG immunisation before ovalbumin sensitisation significantly inhibited the 

development of allergic responses (Herz et al. 1998). 

Whether immunisation with the commonly used BeG vaccine is associated with protection 

against development of allergic disease is still a matter of debate. The first epidemiological 

study showed that within a population of BeG-vaccinated Japanese children, a positive 

delayed hypersensitivity to Mycobacterium tuberculosis reaction at six and 12 years of age 

predicted a lower incidence of asthma, lower serum 19E levels, and cytokine profiles biased 

toward Thl type compared with children with negative tuberculin reactions (Shirakawa et al. 

1997). A similar study in Guinea-Bissau reported that the prevalence of skin sensitisation to 

common airborne allergens was lower among Guinea-Bissau children vaccinated with BeG 

in infancy in comparison with those never vaccinated with BeG (40%; adjusted OR 0.19) 

(Aaby et al. 2000). 

In contrast, several retrospective studies have failed to demonstrate a negative correlation 

between BeG vaccination (as indicated by tuberculin responses) during early childhood and 

the subsequent development of atopy or asthma (Table 1.6-1). A recent study from Norway 

did not find a significant relationship between a positive tuberculin reaction and atopy 

(Omenaas et al. 2000). This young adult population had their BeG vaccination at the age of 

14, which may indicate that timing of immunization may playa role in the protective effect on 
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allergy. However, in another study, immunisation soon after birth with BeG vaccine, a 

common procedure in some countries, also did not appear to confer protection against the 

development of atopic disorders (AIm et af. 1997). A separate Swedish study also did not find 

any protection by BeG immunisation on asthma development and these findings compare 

with a study from Turkey where the authors did not find any relationship between tuberculin 

response and atopic status later in life in BeG immunised subjects (Yilmaz et al. 2000). 

No inverse association between tuberculin responses and asthma, allergic diseases, atopic 

responses and total 19B levels has been reported in any of 11 studies (AIm et al. 1997; 

Strannegard et af. 1998; Aaby et af. 2000; Kroger et af. 2000; Omenaas et al. 2000; Yilmaz et 

ai. 2000; Wong et ai. 2001; Gruber et af. 2002; Jang et al. 2002; Ozmen et af. 2002; Pahari et 

ai. 2002; Matricardi et af. 2003). Differences in study design, population examined, BeG 

preparations and, above all, the pattern of natural exposure to M tuberculosis and 

mycobacteria other than tuberculosis (Rook et af. 1999) can partially explain failure to 

confirm previous findings. Studies that tested whether immunisation with BeG can protect 

from atopic diseases did not find a significant protective effect of BeG administered early in 

life against the development of asthma or allergy later in childhood (AIm et af. 1997; 

Strannegard et af. 1998; Gruber et af. 2002; Pahari et ai. 2002; Krause et ai. 2003; Matricardi 

et ai. 2003). Ota et af. (Ota et af. 2003) reported on a population of 507 children (age 8-12) 

living in Gambia, 360 of whom bore evidence of a BeG scar. The prevalence of positive 

immediate skin test responses to locally relevant allergens and the serum levels of total 19B 

were not significantly different among children with or without a BeG scar (Ota et af. 2003). 

The relevant implications of the revised immunological model for the issues treated here can 

be summarised as follows. First, according to this model, a healthy or an allergic outcome of 

the interaction between allergens and humans is not fixed early in life, but retains some 
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flexibility until adulthood This represents a dynamic and quantitative process, which is 

extended to adulthood and is subjected to genetic factors that regulate how early and intense 

exposure to infections must be to afford pemlanent protection from atopic sensitisation and 

its inflammatory consequences (Matricardi et af. 2003). Secondly, a single intradennal 

administration ofBCG, even if very early in life is not able to mimic the natural exposure to 

environmental mycobacteria and the persistent immune stimulation provided by an intense 

and protracted natural exposure to pathogenic and non-pathogenic mycobacteria to be able to 

prevent the development of atopy. 

Finally, as T regulatory cytokines, rather than Thl cytokines, seem to protect from allergy, 

then the response to tuberculin would not be the best parameter to evaluate the putative 

allergy-protective effect of natural or artificial exposure to mycobacteria. 

1" 
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Country BCG Age (yrs) Wheezing Allergic Atopy Total 

lasthma diseases IgE 

Tuberculin 
response 

Shirakawa (1997) Japan 867" 12-13 Inverse Inverse Inverse Inverse 

Stannegard (1998) Sweden 6497
e 4-9 None 

Yilmaz (2000) Turkey 736b 2.5-16 None None None None 

Omena as (2000) Norway 574e 20-44 None None 

Kroger (2000) Finland 201
3 10-12 None 

Wong (2001) Hong Kong 980
3 10 None None None 

Gruber (2001) Gennany 774d bil1h cohort None None None None 

Jentolf (2002) Norway 386c 20-44 None 

Pahari (2002) UK 329 11-18 None 

Jang (2002) Korea 486c 10-13 None None 

Ozmen (2002) Turkey 206b 1-14 Direct 

Ota (2003) Gambia 507t 8-12 None None 

BCG 
immunisation 

AIm (1997) Sweden 574c 3-7 None None None 

Stannegard (1998) Sweden 6080
d 4-9 None 

Aaby (2000) Guinea-Bissau 400 3-14 Inverse 

Gruber (2001) Gennany 774d bil1h COh011 None None None None 

Pahari (2002) UK 329 11-18 None None None 

Gruber (2002) Gennany 38808
3 

6 Inverse None 

Krause (2003) Greenland 15753 8-16 None 

Ota (2003) Gambia 507 t 8-12 None None 

Tuberculosis 

Von Hertzen (1999) Finland 2324'1 Adults 

Von Mutius (2000) 23 countries 235477 13-14 Inverse Inverse 

Shirtcliffe (2002) 38 countries 6-7 Inverse Inverse 

Shirtcliffe (2002) 55 countries 13-14 Inverse 

TABLE 1.6-1: Studies on tbe relation allJong tt/berm/in response, BeG illllllt/nisation, asthllla and atopy. Age at first BeG 
im!JJunization: a=neollata/ period; b=21ll011ths; c<61J1011tbs; d< 12 lllontbs; e: at 14 years; ~ Witb tuberculosis; t El!idence of 
BeG scar. (Frolll (NIatricardi et aL 2003), adapted) 

1. 7 GENES AND THE HYGIENE HYPOTHESIS 

Several molecules shown to playa crucial role in the interaction with mycobacterial antigens 

(including toll-like receptors, Nrampl, CD14) are also relevant to asthma. In particular, 

several of these molecules have polymorphisms that relate to susceptibility both to 

mycobacterial disease and to allergic disorders (Rook et ai. 2003). 
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1. 7.1 Toll-like Receptors 

The recent discovery of the importance of the 'toll like receptors' (TLR) protein family in 

immune responses has provided new insight into the link between innate and adaptive 

immunity. TLR serve as pattern-recognition receptors for a variety of microbe-derived 

molecules but also 'self components (Rook et al. 2003). Extensive work has suggested that a 

number of endogenous molecules, such as heat shock proteins (hsp), may be potent activators 

of the innate immune system via the Toll-like receptors (TLR) signal-transduction pathways 

in a manner similar to LPS (via TLR4) and bacterial lipoproteins (via TLR2) (Vabulas et al. 

2002; Tsan et al. 2004). 

Ten TLR types are known, and these may act as homodimers or as heterodimers with other 

TLR. Moreover they are situated within complex 'rafts' involving CDI4, CDllb-CDI8, 

CDI6a, CD32, CD36, CD64, hsp70, hsp90, CXCR-4 and growth-differentiation factor 5 

(Rook et af. 2003). Signalling via TLR may depend on the composition of this 'cluster', the 

activation state of the cell, and the cell type. 

Transfection of a constitutively active human mutant TLR results in the activation ofNF-KB, 

as well as the expression of various NF-KB-controlled cytokines and the costimulatory 

molecule B7.1. The TLR-dependent activation of the NF-KB pathway is mediated by the 

adapter protein MyD88, which is also required for signal transduction through IL-IR 

(Hultmark 1994; Medzhitov et al. 1997; Medzhitov et af. 1998; Flynn et af. 2001). 

TLR play an important role in the activation of immune cells by pathogens, including M 

tuberculosis. Brightbill et af. (Brightbill et af. 1999) demonstrated that induction of IL-12 in 

vitro by the 19-kDa mycobacterial lipoprotein is dependent on human TLR2. However, it 

would appear that distinct mycobacterial components may interact with different members of 
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the TLR family such as TLR2 or TLR4 both in a CD14-dependent or independent manner 

(Means et af. 1999). 

1.7.2 Natural resistance-associated macrophage protein-l

NRAMPI (SLcllal) 

Natural resistance-associated macrophage protein-1 (Nramp 1) is an integral membrane 

protein that functions as an ion transporter (Gun shin et al. 1997; Blackwell et af. 1999). 

Functional studies have shown that Nramp 1 plays an important role in macrophage function 

and activation with many pleiotropic effects on macrophage function, including regulation of 

the CXC chemokines, 1L-1, inducible nitric oxide synthase, MHC class II molecules, tumour 

necrosis factor and nitric oxide release (Blackwell et af. 1999). Macrophages carrying the 

mutated infection-susceptible Nramp 1 allele also have a defect in their ability to process 

antigen (Lang et al. 1997). This results in an in vivo bias towards development of a Th1 

response in mice bearing the wild-type (infection resistant) allele, while a Th2 response is 

elicited in Nramp1 mutant (infection susceptible) mice (Kramnik et af. 1994; Soo et al. 1998; 

Blackwell et al. 1999). 

Nramp 1 variant alleles were found to influence susceptibility or disease type in various 

studies of leprosy and tuberculosis (reviewed in (Rook et al. 2003)). A functional Nramp1 

polymorphism associated with tuberculosis correlated with higher lipopolysaccharide-induced 

production of 1L-lO, a cytokine associated with Treg cells activity (Awomoyi et af. 2002). 

Treatment of OVA-sensitized Nramp1s mice with M vaccae suppressed airway 

hyperresponsiveness, airway eosinophilia, antigen-specific 19B, IL-4 and IL-5 production 

after ovalbumin aerosol challenge. In contrast, M vaccae hardly affected these parameters in 

Nramplr mice. In addition, the Nramp1 gene affected both T cell-mediated responses to M 

70 



vaccae in vivo and the level of macrophage activation after stimulation with M vaccae ;n 

vitro (Smit et af. 2003). 

Stratification by BCG vaccination unmasked a potential genetic risk factor for atopy in the 

region of the Nramp1 locus (AIm et af. 2002). Moreover, inflammatory bowel diseases, 

multiple sclerosis and rheumatoid arthritis have been associated with various polymorphisms 

of this gene (Kojima et af. 2001; Kotze et af. 2001; AIm et af. 2002; Rodriguez et al. 2002). 

In a mouse model of allergy induced by immunization with ovalbumin in alum, Nramp 1-

resistent animals showed less release of Th2 cytokines, 19E and mast cell granules into the 

airways after aerosol challenge than did Nramp1-sensitive mice (Smit et af. 2003). 

1.7.3 CD14 

CD 14 is expressed by myeloid cells, and secreted by these cells and by the liver. It is not a 

signalling molecule, but it plays a crucial role in binding many microbial components 

(notably lipopolysaccharide and liporabinomannan) and facilitating their interaction with cell 

membrane-associated signalling molecules such as TLR. M feprae signals via TLR2, and this 

crucial interaction is enhanced by CD14 (Bochud et af. 2003). In some studies (Baldini et af. 

1999) but not others (Sengler et af. 2003) a polymorphism in the promoter of CD 14 has been 

related to the levels of circulating 19E. However, low CD 14 in amniotic fluid or breast milk 

has been associated with an increased risk of atopic eczema and of allergic sensitisation 

(Jones et aZ. 2002). The blood cells of children of farmers, who have a reduced risk of 

allergies associated with their exposure to the farming environment, expressed higher levels 

ofmRNA encoding CD14 (Jones et al. 2002). 
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1. 7 . 4 T - cell 1m m uno g lob u Ii n 1\1 u ci n 1 (T i m -1 ) 

As previously discussed, the TIM family, particularly tim-l, plays a critical role in immune 

responses that regulate the development of atopic diseases. 

In humans, certain polymorphic variants of tim-l are strongly associated with protection 

against atopy, and this association occurs only in individuals who have had past infection with 

hepatitis A virus (HA V) (Umetsu et af. 2002; McIntire et af. 2004). 

1.8 MYCOBACTERIUM VACCAE: CHARACTERISATION AND 

PROPERTIES 

Mycobacteria are environmental saprophytes, present in soil, mud, water and dust. Since the 

exposure to these bacteria is dependent on lifestyle, the exposure to mycobacteria may be 

significantly reduced in Western societies. Mycobacterial infections usually have a very 

strong capacity to elicit Th1 responses (Huygen et af. 1992; Marchant et af. 1999). As a 

result, mycobacteria have attracted much attention in the contest of the 'hygiene hypothesis', 

as bacteria able to modulate the balance between Th1 and Th2 (Smit et af. 2004). 

Some mycobacteria, such as BeG or its components have been utilised in humans as 

immunostimulators, but not as therapy against allergic diseases. The non-pathogenic 

mycobacterium, M vaccae, has been proposed for the prevention and therapy of allergic 

diseases (Rook et af. 1998). Mycobacterium vaccae is one of about 60 named species within 

the genus Mycobacterium and is one of a number of rapidly growing, yellow pigmented 

mycobacteria that normally occur as environmental saprophytes. Natural exposure to 

environmental mycobacteria has been suggested as being able to regulate T-cell cytokine 

responses. It has, therefore, been hypothesised that administration of saprophytic 
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mycobacteria in childhood could prevent Th2 activation in response to common allergens and 

that this would result in the prevention and treatment of allergic disorders (Rook ef al. 1998). 

1.8.1.1 Characteristics of the strain 

The final drug product is a sterile, heat -killed suspenSIOn of the non-pathogenic 

environmental saprophyte Mycobacterium vaccae NCTC 11659. The species Mycobacterium 

vaccae was described by Bonicke and Juhasz in 1964 (Boenickse et al. 1964) (SRPharnla; 

SRPharma). 

1.8.1.2 Isolation 

Mycobacterium vaccae strain R877 was isolated from a sample of soil taken from around the 

roots of grass pulled from a swamp bordering the eastern bank of Lake Kyoga in the Sorote 

District of Uganda in 1971 (Stanford et al. 1973). The soil sample was decontaminated by a 

modification of the method of Kubica and inoculated on to Lowenstein-Jensen medium 

without added starch. The medium was incubated at 32° C and the colony was picked off after 

two weeks incubation. The strain is scotochromogen and the initial isolate of R877 produced 

mainly smooth colonies on culture media but occasional rough colonies were seen. On 

subculture, smooth colonies produced occasional rough colonies, whereas the rough coloniws 

were stable. One rough colony, designated R877R, was selected for subculture and deposisted 

in the National Collection of Type Cultures under the Budapest Convention in 1988. It bears 

the number NCTC 11659 (SRPharma; SRPharma). 
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1.8.1.3 Cultural studies and staining characterisics 

Growth of NCTC 11659 is sustained on a range of simple bacteriological media, including 

Sauton's medium solidified with agar. This medium has the advantage of supporting the 

growth of most mycobacterial species but of relatively little else. Its most important 

characteristics is that it contains no antigenic substances and is therefore the basis of media 

used in the production of BCG vaccine. The optimum temperature range for growth 32-35 0 

C. Rapid visible growth commences the day after inoculation and continues for the first 2 

weeks of incubation. On further incubation, the culture slowly becomes thicker and more 

rugose and the initial yellow colour slowly changes into orange-brown. Little further visible 

change occurs after 4 weeks of incubation and the culture is considered to be in the stationary 

phase. Eventually, after several months, the bacteria becomes difficult or impossible to 

subculture, the thickness of the bacterial mass diminishes and the colour fades to an off-white 

cream as the culture enters its involution phase. When stained by the Ziehl-Neelsen teclmique 

in the first few days of incubation, the bacilli appear as short, well stained rods with numerous 

weakly staining forms. During the later stage of rapid growth and in the early stationary phase 

almost all the bacteria are short, strongly stained rods. In involution, as is COl11111on in 

mycobacteria, the stained cytoplasm appears to be brocken into regular clumps an 

polymorphism increases with the appearance of many small round forms of unstained 'gosts' 

(SRPharma; SRPharma). 

1.8.1.4 Culture identity 

Bright yellow colonies with a dry, wrinkled appearance are evident on Lowenstein-Jensen 

medium and on Middlebrook and Sauton agar. Microscopically, the bacilli are acid fast. The 
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grwth is observed on Lowenstein-Jensen medium at 32 0 C, 37 0 C and 42 0 C but not at 45 0 C 

(SRPhanna; SRPharma). 

1.8.1.5 Utilisation of carbohydrates and organic acids as carbon 

sources 

In the system of Gordon (Gordon et al. 1953) NCTC 11659 utilised arabinise, benzoate, 

erythritol, glucose, inositol, lactate, mannose, mannitol, rhamnose sorbitol, succinate, 

trehalose and xylose as carbon sources. It failed to utilise citrate, dulcitol, raffinose, malonate, 

mucic acic and oxalate as carbon sources in the test system (SRPhanna; SRPhanna). 

1.8.1.6 Amidase activity 

Amidases as hydro lases that split amides with the liberation of ammonia which is detected by 

use of Russel's reagent which gives a blue colour in the presence of free ammonia. Ten 

amides are used in the amidase row (Bonicke 1962). Those not hydrolysed, or weakly 

hydrolised are acetamide, benzamide, nicotinamide, pyrazinamide, succinamide, malonamide, 

isonicotinamide and salicylamide (SRPharma; SRPhanna). 

1.8.1. 7 Nitrate reductase 

This activity is detected by a reagent giving a red colour in the presence of nitrite ions. NCTC 

11659 is negative (SRPharma; SRPharma). 
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Pigmentation Temperature Carbohydrate Amidase Nitrate 

in for growth (oC) utilisation reductase 

Light Dark 32 37 42 45 Ben Rha 

M vaccae + + + + + + + 3,8 

M + + + + + + 3,5,6 
parafortuitum + + + + 3,5,6 + 
M avium + + + + 3,5,8 
M Obuense 
TABLE 1.8-1: VClIiable cultural and biocoemicaipropeJ1ies of1l'iycobactelitllJl t'accae and closeD' related species and sl/b
species: Ben= benzoate; Rha= rhamnose. Bonicke's amides: 3= urea; 5=nicotinarnide; 6=pyrazinamide; 
6=allantoin 

1.8.1.8 Secreted and total proteins 

The unique patten of mycobactins produced by M vaccae may be used to differentiate this 

species from other rapdly growing mycobacteria (Barclay et al. 1992). M vaccae produces 

copious amounts of water soluble exochelins that resemble those of M leprae (SRPharma; 

SRPharma). 

1.8.1.9 Antigenic analysis by immunodiffusion 

Sonicated preparations of a wide range of mycobaterial species grown on Sauton's medium 

have been used to raise antibodies in rabbits. NCTC 11659 possesses the same species 

specific antigens as the type strain of M vaccae. In cornmon with M leprae, it possesses no 

growth speed-related antigens (SRPharma; SRPharma). 
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1.8.2 Mycobacterium vaccae preparations: SRL172 and SRP 

299 

Mycobacterium vaccae is commercially available as two preparations: SRLl72 and SRP299. 

The two preparations have similar immunological properties as both have been derived from 

the same seedlot. They are the same species and same strain and share the same genetic 

material. The two preparations are grown in the same medium under the same GCP/GMP 

conditions and are considered equivalent preparations by the Medicines and Healthcare 

products Regulatory Agency (MHRA). The only difference is that SRLl72 is grown on solid 

a medium and SRP299 on a liquid medium; the reason for this is that larger quantities can be 

grown on solid medium. SRLl72 is a sterile suspension of killed M vaccae grown on 

Sauton's medium solidified with agar and fOID1Ulated to GMP at a concentration of 10 mg/ml 

in borate buffered saline at pH 8. SRP299 is grown in liquid Sauton's medium and fonnulated 

to GMP at a concentration of 10 mg/ml in phosphate buffered saline at pH 7.3. 

Both preparations are administered by intradennal injection and have been used 

interchangeably in animal studies. For example, in a series of papers, both preparations have 

been shown to inhibit periodontal disease in rats, showing identical immunomodulatory 

properties (Breivik et af. 2000; Brelvik et af. 2002; Breivik et aZ. 2003). Similarly, in a mouse 

model of asthma both SRLl72 (Smit et af. 2003) and SRP299 (Zuany-Amorim et a1. 2002; 

Hunt et aZ. 2005) have been used and have been able to ameliorate allergic inflammation. 

Furthennore, in two papers (Zuany-Amorim et af. 2002; Zuany-Amorim et af. 2002) the 

authors have considered the two preparations equivalent and they have used, in the same in 

vivo experimental model, SRLl72 for some experiments and SRP299 for others, and no 

differences between the two preparations were noted (G. Rook, personal communication). 
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The fact that SRLI72 is autoclaved in borate buffer, and the fact that the final suspension for 

injection contains this buffer, makes this preparation suitable for in vivo injection but 

unsuitable for in vitro experiments in view of the extreme toxicity to T cells in culture (G. 

Rook, personal communication). Therefore, SRLI72 cannot be run in parallel with SRP299 in 

vitro. 

For reasons concerning their production and their clinical use, the two M vaccae preparations 

have been separated and SRP 172 is now produced as immunotherapy for the treatment of 

cancer and tuberculosis, whereas SRP299 is produced for the treatment and prevention of 

allergic disorders. However, the immunoregulatory properties of M vaccae are robust and 

independent of the method of preparation, probably because they are primarily due to the 

presence of major lipids that are consistent in the two preparations. 

In this thesis, I have used SRL172 for the in vivo clinical trial and SRP299 for the in vitro 

study. Although the two preparations are considered to have identical immunomodulatory 

properties, it would have been desirable to be able to run parallel in vitro experiments with the 

two preparations in order to demonstrate their equivalence and establish a firmer link between 

the in vivo findings and the in vitro results. lt is of course fundamental to good scientific 

practice to compare different lots of the same compound in a standard test assay to confirm 

bioequivalence. Unfortunately, as mentioned above, this was not possible. As direct in vitro 

comparison of the two preparations cannot be made, it will not be possible to make an 

irrefutable link between the observations made in this thesis between the in vivo challenge 

experiment and the in vitro effects, although it is likely that the mechanisms observed in vitro 

account, at least, partly, for the in vivo effects, especially in view of the observations made 

with the two preparations in the animal model. 
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The mechanisms by which Heat-Killed M vaccae retains its inmmnomodulatory properties 

are not clear. It is possible that the effects on the immune cells do not require the intact 

organism or that components, such as glicolipids, that are relatively heat-stable and retain 

antigenic properties after autoclaving. Other species of mycobacteria, such as M bovis BCG 

have been used as heat-killed preparations for the treatment of allergic disease, both in animal 

models and human asthma (Shirtcliffe et af. 2001; Major et al. 2002; Shirtcliffe et a1. 2003). 

Since it is likely that the factors that detem1ine immunomodulation or confer virulence may 

be different for pathogenic and saprophytic species, further studies will be necessary to 

identify and possibly separate immunity from virulence (SRPharma; SRPharma). 

1.8.3 Safety 

Data from clinical studies suggest that both SRLI72 and SRP 299 have good safety profiles. 

Most people develop local erythema and swelling at the site of injection. This is dose

dependent but does not worsen with continued administrations. The local reactions are similar 

to those following BCG vaccination of tuberculin-negative children. A small ulcer may 

develop, but this usually heals in one to three weeks, resulting in a residual scar. A minority of 

people report mild influenza-type symptoms in the 48 hours following the injection 

(Investigator's Brochure SRP299) (SRPharma; SRPharma). 

1.8.4 Pre-Clinical and Clinical studies 

M vaccae has been used in clinical studies involving patient with pulmonary tuberculosis 

(Prior et aZ. 1995), neoplastic diseases such as melanoma (Maraveyas et aZ. 1999) prostate 

cancer (Hrouda et af. 1998; Hrouda et aZ. 1998) and lung cancer (Webb et aZ. 1998), where 

the aim has been to promote Thl cytokine-dependent immune defences. Similarly, it has been 
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employed in the treatment of diseases, such as tuberculosis and allergic diseases, where a 

depressed Th1 immune response is though to contribute to the pathogenesis of the diseases. 

1.8.4.1 Cancer 

SRLl72™ has been studied as an adjunct to standard treatments for the treatment of a variety 

of cancers. 

Lung Cancer 

In a phase II study patients with small cell lung cancer (SCLC) were randomized to receive 

chemotherapy (platinum-based or anthracycline-based) with (n=14) or without (n=14) 

intradermal SRLl72 on day 0, after 4 and 8 weeks and then 3-6 monthly. The median survival 

was 8.6 months and 12 .. 9 for patients treated with chemotherapy alone and with the 

combination respectively, which, although not statistically significant, the study showed a 

trend to improved median survival in SCLC with the combination of chemotherapy and 

SRLl72 with no increased toxicity. A phase III study examining chemotherapy 111 

combination with SRLl72 in SCLC is now underway (Assersohn et al. 2002). 

Other studies have confirmed similar survival trends and safety profile of SRL172 in 

inoperable non-small cell lung cancer (NSCLC) and mesothelioma. In the group of patients 

randomized to receive chemotherapy combined with SRL172, there was a trend towards 

improved response rate (54% vs. 33%) with more patients in the combined arm receiving 

radical surgery and radiotherapy, improved median survival (9.7 months vs. 7.5 months) and 

improved 1 year survival (42% vs. 18%). There was no detectable change in serum cytokine 

levels for IFN-y and TNF-a before and after treatment (O'Brien et al. 2000). A subsequent 

open-label, randomised phase III study in non-small-celllung cancer (NSCLC) where patients 
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were randomised to receive platinum-based chemotherapy, with (210 patients) or without 

(209 patients) monthly SRLI72, showed that SRLl72 significantly improved patient quality 

of life without affecting overall survival times (O'Brien ef al. 2004). The data from this trial 

have been reanalysed taking into account full compliance with the SRLI72 treatment phase. 

In the case of patients with adenocarcinomas, treatment with four or more injections of 

SRLI72 induced a significant improvement in median survival (p=0.012) compared to 

patients on chemotherapy alone (SRPharma). SRLI72 was proven to be safe when given as 

intrapleural injection in addition to intradem1al SRLl72 and standard chemotherapy 

(mitomycin-C, vinblastine and cisplatin) in patients with malignant mesothelioma. This result 

was thought to be secondary to improved type 1 immunity as documented by an increase in 

activation ofNK cells and a decrese in of IL-4 producing T cells in all tested patients post

treatment (Mendes et al. 2002). 

Melanoma 

Encouraging results were also obtained from a phase VII trial of SRLI72™ monotherapy in 

patients with advanced malignant melanoma 

A phase I-II study was designed to assess safety and clinical efficacy of intradermal SRL 172 

in 24 patients with advanced stage IV (AlCC) malignant melanoma initially at IS-day 

intervals for three vaccinations and then at monthly intervals. The vaccination schedule 

resulted in improved survival and documented increase in intracellular IL-2 in PBMC of 

patients who received at least three doses (Maraveyas et al. 1999). 
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Prostate cancer 

Pre-clinical animal studies have suggested SRL172 significantly delayed the growth of 

established prostate tumours (Hrouda et al. 1998). 

Subsequent clinical studies have shown that intradermal SRLl72 is safe in patients with 

advanced hormone-refractory prostate cancer, and can modulate cytokine production by 

PBMC with increase in IL-2 and reduction in IL-4. These changes in cytokine profile have 

been associated to a reduction in the levels of prostatic specific antigen (PSA) in one study 

(Hrouda et al. 1998) but not confirmed in a larger trial with patients with more advanced 

disease (Eaton et al. 2002). 

1.8.4.2 Tu berculosis 

Studies, both in animals and m humans have shown that M vaccae is an effective 

immonomodulator, promoting IL-12 and IFN-y synthesis (Dlugovitzky et al. 1999), 

particularly from CD8+ T cells, (Skinner et al. 1997) while down-redulating IL-4 production 

(Skinner et al. 1997; Dlugovitzky et al. 1999). 

A number of studies have been carried out on the treatment of newly diagnosed pulmonary 

tuberculosis, usually with a single dose regiment of M vaccae together with chemotherapy. 

Overall these studies have shown no survival or cure benefit using M vaccae (1999; de Bruyn 

et al. 2000; de et al. 2001; de Bruyn et al. 2003) and no change was reported in the Xray 

appearance (Johnson et al. 2004). The lack of efficacy was independent of the HIV status 

(1999; Mwingaet al. 2002). T 

Despite these negative trials, M vaccae showed faster rate of cure in newly diagnosed 

tuberculosis in Romania (Corlan et al. 1997) and, in chronic or relapsed disease, was effective 
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in improving bacteriological success, chest X-ray, recovery of body weight in comparison 

with patients receiving chemotherapy alone. These changes were seen even in those failing 

bacteriological cure (Corlan et af. 1997). 

Treatment of multi-drug resistant tuberculosis (MDRTB) with SRLl72 in suggest a possible 

role of the treatment ofthis disease (Stanford et af. 2001). 

1.8.4.3 Allergic diseases 

Animal data strongly suggest beneficial inmmnological changes of allergic inflammation 

following M vaccae treatment. Less clear are the results derived from clinical trials where M 

vaccae seems effective in allergic dermatitis but ineffective in rhinitis or asthma. 

1.8.4.3.1 Asthma 

Studies using Mycobacterium vaccae for the prevention and the treatment of allergic diseases 

in rodents, have shown that treatment with M vaccae prior or during allergic sensitisation can 

inhibit the generation of Th2-type cytokines in response to allergen, reduce aiway 

inflammation, eosinophilia and airway hyperesponsiveness. However, not all studies have 

conclusively demonstrated that M vaccae is effective in the eshablished phase of allergic 

response. This may be partially explained by differences in the study protocol, the timing and 

the route of administration of M vaccae. 

The first study examining the effects of M vaccae as a potent inducer of Thl immunity on 

allergic responses in a murine mode~ used a single injection of M vaccae into ovalbumin 

(OV A)-preimmunized BALB/c. A single injection of M vaccae inhibited 19E synthesis, 

however, repeated injections (two and four) of 107 M vaccae were also effective in 
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preventing the ovalbumin-induced IL-4 and IL-5 production by spleen cells, without affecting 

IFN-y production and IgG 1 and IgG2a synthesis (Wang et at. 1998). 

In a similar animal model, M vaccae, in the period pre-sensitisation, was able to reduce the 

late airway response (LAR) following allergen challenge, BHR to methacholine, airway 

eosinophilia and Th2 response, when administered alone (Hopfenspirger ef al. 2002)or with 

M bovis (Tukenmez ef al. 1999). However, other authors have suggested that the down

regulatory effect on IgE, BHR and IL-5 levels occurs only when animals receive M vaccae 

before or during allergen sensitisation and challenge (Smit et al. 2003) but not after 

sensitisation (Smit et al. 2003). 

Besides the effects on the inflammatory component following allergen challenge, studies in 

animal models of asthma showed that heat-killed M vaccae could prevent the development of 

the structural airway changes seen in chronic asthma. Increase in goblet cell numbers, 

thickness of basement membrane and airways smooth muscle hyperthrophy seen in a murine 

model of asthma were all prevented by M vaccae administration (Ozdemir et al. 2003). 

These studies advocated that the induction of a Th 1 response was the mechanism responsible 

for the effects of M vaccae on allergic inflammation. However, no significant increase in the 

levels ofIL-12 and IFN-y was noted. Interestingly, a significant increase in plasma IL-12 was 

observed with BCG as compared to M vaccae administration, suggesting a stronger type 1 

response to BCG (Hopfenspirger et al. 2001). M vaccae may down regulate Th2 response by 

mechanisms other than Thl activation, as demonstrated by data showing that mycobacteria 

exert a therapeutic effect also when administered to mice with Thl-mediated diseases, such as 

diabetes or encephalomyelitis (Lehmann et al. 1992; Qin et al. 1993; Martins et al. 1999; 

Walker et al. 2003). Indeed, more recent studies have demonstrated that the effects of M 

vaccae on T cells are more complex and may be independent of IFN-y synthesis (Zuany-
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Amorim et at. 2002). Treatment of mice with M vaccae stimulates allergen-specific 

CD4+CD45RBLow regulatory T cells (Treg), which inhibits airway inflammation. This specific 

inhibition was mediated through interieukin-IO (IL-IO) and transfomling growth factor-beta 

(TGF-~), as antibodies against IL-l 0 and TGF-~ completely reversed the inhibitory effect of 

CD4+CD45RBLow (Zuany-Amorim et al. 2002). 

Furthermore, in murine models, M vaccae seems to be able to down-regulate effector 

immune response not only directed against the specific antigen to which mice were sentitised 

by inducing allergen-specific Treg cells but also to different antigens through a 'bystander' 

mechanism. M vaccae can stimulate Tregs either directly or through the activation of 

CDllc+ dendritic cells which secrete the immunoregulatory cytokines IL-lO, TGF-~ and 

IFN-a (Adams et al. 2004). 

Both the direct stimulatory effect of M vaccae on CD4 Treg and the induction of APC to 

produce IL-IO, TGF-~ and IFN-a, which in tum, induce proliferation and maturation of Treg 

are indicative of regulatory T-cell effects might explain the observed suppressive Th2 effect 

without up-regulation of Thl cytokines. In addition, recent work has shown that SRP299 

given orally can significantly reduce the symptoms of allergic pUlmonary inflammation 

including eosinophilia and total cellular infiltration associated with an increase of IL-l 0 and 

IFN-y (Hunt et al. 2005). The ultimate mechanism of action or the component of M. vaccae 

responsible for the improvement in airway inflammation is not clear, particularly considering 

that in some studies an the reduction in BHR and airway eosinophilia occureed in the absence 

of detectable changes in IL-4, IL-5, IL-13 and IFN -y as well as IgE levels (Zuany-Amorim et 

al. 2002; Zuany-Amorim et al. 2002; Hunt et al. 2005) 

8S 



A limited number of studies have so far been conducted in asthma. Different preparations of 

M vaccae and different schedules and routes of administration have been tested. In a clinical 

study, forty-two patients with stable moderately severe asthma (corticosteroid dose <1200 

mcg/day of beclomethasone dipropionate or equivalent), who were skin-prick test positive to 

house dust mite, were randomised to receive two intradermal injections of phosphate-buffered 

saline (PBS, placebo), heat-killed M vaccae (HKMV) (0.5 mg), or delipidated 

deglycolipidated M vaccae (DDMV) (0.05 mg). DDMV is delipidated, deglycolipidated and 

arabinogalactan-depleted derived from autoclaved, acid-treated M vaccae. It comprises 

peptidoglycans, sugars, proteins and residual lipids and is fornmlated in saline and 0.03% 

polysorbate 80. In in vitro assay, weight for weight, DDMV is 10-fold more effective than M 

vaccae in stimulating IL-12 production. Markers of asthma severity (mean morning PEFR, 

symptom-medication score) were measured for three months and blood eosinophils, IgE 

levels and T cell proliferative and cytokine responses were monitored. There were no 

significant differences between either treatment group and the placebo group for any of the 

outcome variables. There was also no difference between the treatment groups and placebo 

for eosinophils, IgE levels or the T cell proliferative and cytokine response and the study 

concluded that low dose intradermal DDMV or M vaccae had no effect on asthma severity in 

patients with established asthma (Shirtcliffe et al. 2001). 

In a subsequent study, thirty-seven adults with stable moderately severe asthma 

(corticosteroid dose < 1000 mcg/day ofbeclomethasone dipropionate or equivalent),who were 

skin prick test-positive to house dust mite were randomized to receive two doses 2 weeks 

apart of delipidated acid-treated M vaccae (first dose 0.4 mg and second dose 0.8 mg) or 

placebo, given as intranasal drops. Safety, tolerability and markers of asthma severity 

(including peak flow, FEV], major and minor exacerbations, symptom scores and beta-agonist 
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use), blood eosinophil and IgE levels were monitored for 8 weeks. The change in route of 

administration was based on previous animal studies demonstrating the superiority of BeG 

administered intranasally compared to intraperitoneal and subcutaneous route in preventing 

airway eosinophilia (Erb et al. 1998). Delipidated acid-treated M vaccae was safe and well 

tolerated although there was an occasional mild local reaction. However, there was no 

evidence of efficacy in reducing the severity of asthma. 

The reasons why mycobacterial-based vaccines have not shown equivalent efficacy in human 

trials compared with animal models is not clear. The role of factors such as duration of 

disease, route of administration and the active component of mycobacteria need to be 

addressed (Shirtcliffe et al. 2003). 

It is possible that components of mycobacterial cell walls such as lipoglycans (including 

lipoarabinomannan, LAM; lipomannan, LM; and phosphatidylinositol mannan, PIM) may 

playa major role in the effects of mycobacteria on allergic response and explain differences 

between delipidated preparations of M vaccae and preparations containing the whole 

organism. A recent study has shown that LAM from BCG and M bovis and PIM from M 

bovis and M smegmatis (a non-pathogenic mycobacterium similar to M vaccae) is able to 

suppress airway eosinophilia by stimulating IL-I0 production without affecting Thl cytokines 

(Sayers et al. 2004). 

Sakai Chemical Industry Co. Ltd has funded a multi-centred phase II, randomized, placebo

controlled study of the safety and efficacy of SRP299 the treatment of 178 adults with 

moderate persistent asthma. Treatment with SRP299 showed only a trend towards 

improvement in asthma symptoms. However, exploratory analysis showed that patients 

receiving 2 high doses of SRP299 had a significant reduction in asthma symptoms score and 

asthma exacerbations compared to placebo (SRPharma). 
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1.8.4.3.2 Atopic dermatitis 

A pre-clinical study in a mouse model of atopic dermatitis showed that a single intradennal 

administration of a heat-killed Mycobacterium vaccae reduced pruritus, a major clinical 

symptom of eczema, although did not prevent the development of eczema (Arkwright et al. 

2005). 

Clinical studies in children aged 5 to 18 years with moderate to severe atopic dennatitis 

showed that a single injection of SRLl72 (0.3 ml of a suspension containing 1010 heat-killed 

M vaccae per ml) caused a 48% reduction in surface area affected by dermatitis compared 

with a 4% reduction for the placebo group and a 68% reduction in dermatitis severity score 

compared with 18% for the placebo group at three months after treatment. None of the 

children, however, had complete resolution of their dermatitis (Arkwright et af. 2001). A 

second study in younger children aged 2-6 years showed that although a 38-54% reduction in 

surface area affected by dermatitis was noted at all time points after M vaccae administration, 

this improvement was not significantly different from that observed in the placebo group. 

Meta-analysis of this and the previous cohort (97 children aged 2-18 years) showed that M 

vaccae may offer greater benefit in children over 5 years old, whose AD appears less likely 

to regress spontaneously (Arkwright et af. 2003). 

The immunological mechanism underlying the improvement in the severity of dermatitis is 

not clear since no changes were noted in the levels of IgE and eosinophils (Arkwright et al. 

2001) and a study on PBMC from the same cohort of patients showed no difference in the 

synthesis of IL-4, IL-5 and TGF-~. The transient increase in IFN-y noted at 1 month was 

considered insufficient to explain the effect of M vaccae on disease severity since the eczema 

improved at a later time when Th1-type response had returned to baseline (Hadley et af. 

2005). 
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1.9 HYPOTHESIS AND AIMS OF THE THESIS 

The overall purpose of the work presented in this thesis has been to employ different 

strategies to inhibit the generation of Th2 cytokines in response to allergen in subjects with 

bronchial asthma both in vivo and in vitro. Based on the cross-regulatory characteristics of T 

helper subtypes, I have employed the soluble IL-4 receptor (sIL-4R) to block the key Th2 

effector cytokine 1L4 in an in vitro model. As an alternative to direct inhibition of the 

cytokine 1L-4, I have sought possible clinical applications of the 'hygiene hypothesis' by 

studying the effects of non-pathogenic bacteria (Mycobacterium vaccae) on the lung function 

and T cell phenotype both in vivo and in vitro and the effects of the bacterial component LPS 

on the Th2 response to allergen in vitro, based on prior recognition in animal models that 

these two approaches can inhibit Th2 responses. 

My specific hypotheses were: 

• Inhibition of IL-4 using soluble IL-4 receptor (sIL-4R) can inhibit Th2 responses as 

shown by an effect on the production of Th2 cytokines IL-5 and IL-13 by PBMC of 

atopic asthmatic individuals stimulated with allergen; 

• Mycobacterium vaccae can attenuate allergen-induced airway response in asthmatics as 

evidenced by a reduction in the late asthmatic response (LAR) following allergen 

challenge; 

• Th2 responses to allergen can be inhibited by the non-pathogenic Mycobacterium vaccae 

and lipopolysaccharide through the induction of IFN-y and regulatory T cells (Treg). 
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1.9.1 IL-4 Inhibition by sIL-4R 

Using an in vitro model, I have sought to inhibit allergen-stimulated Th2 responses using a 

human recombinant soluble IL-4 receptor (sIL-4R), containing the extracellular domain of the 

a-chain that avidly binds to IL4 and thus blocks its effects. 

1.9.2 Mycobacterium vaccae 

The first strategy employed to elucidate the effects of M vaccae was based on the concept 

that administering a preparation of M vaccae to asthmatic patients prior to allergen challenge 

might reduce the allergic inflammation within the airways and down-regulate the Th2 

cytokine production and IgE synthesis. Using this approach, I have tested the hypothesis that 

M vaccae can regulate T cell responses following allergen challenge. 

I have measured the outcome of these studies by investigating the following parameters: 

1. Changes in the EAR, LAR and BHR following allergen challenge; 

2. Sputum cellularity and eosinophilia; 

3. Ex vivo IL-5 production by allergen-stimulated peripheral blood mononuclear cells 

(PBMC); 

4. PBMC proliferation in response to allergen. 

I have also sought to elucidate mechanisms involved in the down-regulation of Th2 cytokine 

response, by blocking cytokines such as IL-10, IL-12 and IL-18, which are known to be 

induced by bacterial stimuli; or prostaglandins, which are produced by activated APC 

following. Furthermore, I have compared the effects on T-cell activation induced by M 

vaccae with the effects induced by recombinant IL-12, a powerful Th1 stimulator secreted by 

APC in response to various stimuli, most importantly bacteria. 
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1.9.3 Lypopolisaccharide 

Lipopolysaccharide (LPS) or endotoxin has been implicated in the hygiene hypothesis as a 

natural inhibition of Th2 responses. Lipopolysaccharide is a potent pro-inflammatory agent 

present in the cell wall of Gram-negative bacteria. It is continuously shed into the 

environment and is abundant in occupational organic dust, house dust, and in human oral and 

nasal cavities (Di Luzio et al. 1973; Hasday et al. 1999). It is also found in domestic water, 

which can be inhaled in bathrooms and from air humidification systems. 

Endotoxin levels in samples of dust seem inversely related to the occurrence of atopic 

diseases and atopic sensitization (Braun-Fahrlander et al. 2002). One intriguing hypothesis is 

that LPS is recognised by the innate immune system in the absence of overt infection, and 

stimulates the maturation of the immune response, towards the development of tolerance to 

other environmental components, such as pollen and animal dander (Braun-Fahrlander et at. 

2002). 

The understanding of the underlying mechanisms responsible for protection from developing 

allergic diseases could provide the necessary information for a targeted immunological 

intervention, such as modified non toxic LPS analogues, to restore the skewed cytokine 

profile in response to allergen exposure. 
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CHAPTER TWO 

General Materials and Methods 
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2.1 ]\1ATERIALS 

2.1.1 Cell culture media and tissue culture ware 

All plastic ware was from Falcon (Becton Dickinson, Oxford, UK) unless otherwise stated. 

Stock solutions of chemicals were stored at room temperature unless otherwise indicated. 

Chemicals used and their abbreviations are listed below. 

2.1.1.1 Reagents 

eH]thymidine Amersham Pharmacia Biotech, Little Chalfont, 

Bucks. 

2-mercaptoethanol (2-ME) Sigma Ltd, Poole, Dorset, UK 

Culture plates Costar, Coming, NY, USA 

Diff-Quick staining kit Harleco, Gibbstown, NY, USA 

DTE Sigma 

Filters Becton Dickinson Ltd, Cowley, Oxfordshire 

Foetal Calf Serum (FCS) (Heat- Gibco BRL Life Technologies, Paisley 

inactivated) 

Fungizone® (amphotericin B 250 Jlg/ml Gibco 

solution 

Gentamicin Sigma 

HEPES 100 x Gibco 

Histamine acid phosphate solutions 

(0.03 - 64 mg/ml in normal saline) 
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Human AB serum Sigma 

Indometacin Sigma 

Killed M vaccae suspension - SRLl72 SR Phanna, London, UK 

Killed M vaccae suspension- SRP299 SRPhanna 

L-glutamine 100x (200 mM solution Gibco 

Lipopolysaccharide (Escherichia coli, Sigma 

055:B5) 

LymphopreplM [Ficoll-isopaque] Nycomed, Asker, Norway 

Methanol Sigma 

Microscope Slides with frosted ends neoLab, Gennany 

Penicillin/Streptomycin 10,000-U/ml, Gibco 

1 O,OOO-~g/ml solution 

PGh (lloprost) Schering Health Care Limited, Burgess Hill, West 

Sussex, UK 

Phosphate-buffered saline (PBS) In-house 

Phytohemagglutinin (PHA-L from Sigma 

Phaseolus vulgaris, red kidney bean) 

Prostaglandin E:! Cayman Chemical, Ann Arbor, MI, USA 

Recombinant human-IL-4 R&D systems, Abingdon, Oxfordshire 

RPMI-1640 medium Gibco 

Scintillation fluid (Optiphase) Wallac Bertold, Milton Keynes, Buckinghamshire 

Scintillation vials (Pony vial) PerkinElmer LAS (UK) Ltd., Beaconsfield, 

Buckinghamshire 
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Sodium pyruvate 100x Gibco 

Soluble IL-4 receptor NuvanceilY
, Immunex, Seattle, WA, USA 

Trypan blue 0.4% solution Sigma 

Vacutainers (heparin) Becton Dickinson 

2.1.1.2 Antibodies, cytokines, bacteria, soluble Receptors 

Anti-Human IL-18 mAb R&D 

Anti-Human IL-12 p70 mAb R&D 

Anti-Human IL-IO mAb R&D 

Recombinant IL-12 R&D 

Anti-IL-4 antibodies R&D 

Anti- IL-4R antibodies R&D 

IgG2a antibodies Isotype control R&D 

2.1.1.3 Equipment 

Beta scintillator counter Wallac Bertold, Milton Keynes, Buckinghamshire 

Centrifuges: Mistral 3000i, Biofuge IR BDH, Heraeus, Brentwood, Essex 

Microscope CETI Belgium 

Pipettes Pipetaman®, Gilson, Villiers Le bel, France 

Multiskan Ascent, ELISA reader Labsystem, Helsinki, Finland 

Cytospin centrifuge 3 Shandon Southern Products, Runcorn, Cheshire 

Electric pipettes Biohit Helsinki ,Finland 

Lab-counter The Denominator Company, Woodbury, USA 
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ELISA reader Titerteck Multiskan, Helsinki, Finland 

Vitalograph spirometer Vitalograph Ltd, Maids Moreton, Buckinghamshire 

Cell Harveste Tomtec Harvester 96 

Ultrasonic Nebulizer DeVilbiss Ultra Neb 99, Heston, Middlesex 

Resuscitation trolley Southampton General Hospital NHS Trust 

Inhalation dosimeter Spira® Electro, Spira Respiratory Care Center 

Ltd., HaEmeelimla, Finland) 

2.1.1.4 Allergens 

Cat hair and dander Aquagen SQ - ALK, Horsh0lm, Denmark. 

Dog hair and dander Aquagen SQ 

House dust mite Aquagen SQ 

(Dermatophadoides pteronyssinus) 

Grass mix Aquagen SQ 

2.1.1.5 Kits 

ELISA kits: CytoScreen ™ , BioSource International Inc., 

Ilr5, IL-IO, IL-13, IFN-y, IL-12, Camarillo, CA, USA 

ELISA for IgE Regional Immunology Laboratory, Southampton 
General Hospital 
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2.1.1.6 Software packages 

Office ® Microsoft 

SPSS 8.0 SPSS Inc. 

Instat® GraphPad™ Corp. 

SigmaPlot 8.0 SPSS Inc. 

EndNote 7.0 lSI ResearchSoft 

2.1.2 Subjects 

Adult atopic asthmatics with mild to moderate disease were recruited for the studies. 

Individuals with a history of smoking during the previous 12 months, alcohol or drug abuse, 

or serious adverse reaction to medications were excluded. None of the subjects had reported a 

respiratory infection within 14 days of the study, required prescription medication (other than 

that for asthma) during the same period, nor had used oral corticosteroids within the previous 

six months. 

All the studies presented in this thesis were approved by the Southampton University and 

Hospitals Ethics Committee and subjects gave their written informed consent. 

2.2 METHODS 

2.2.1 Lung Function Tests 

All subjects in the clinical trial employing the preparation of Mycobacterium vaccae/placebo 

were investigated with basic spirometry including forced expiratory volume (FEV 1), forced 
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vital capacity (FYC) and peak expiratory flow (PEF). At least three acceptable tracings were 

obtained and each tracing was examined. The best reading was accepted and recorded. 

2.2.2 Histamine inhalation Challenge 

Histamine challenge is a standard teclmique used to detem1ine the degree of non-specific 

bronchial reactivity of an individual. The method used in this thesis is a technique modified 

from Chai H, et aI., 1975 (Chai et af. 1975). Subjects were asked not to take salbutamol (or 

other bronchodilator) for at least six hours before histamine challenge. Immediately prior to 

saline inhalation, spirometry was recorded. FEY1 had to be >70% of predicted. For each 

timepoint at least two technically satisfactory FEY1 measurements were recorded, and the 

largest of these used in the calculations. Inhaled solutions were administered via a nebuliser 

driven by compressed air at a flow of 8 Llmin to produce a mass median particle diameter of 

<5 ~m at a delivery rate of 0.25-0.50 mVmin. After recording baseline spirometry and 

ensuring that the subject was suitable to continue, the subject inhaled five breaths of nebulised 

normal saline. This involved forced inhalation from functional residual capacity (FRC) to 

total lung capacity (TLC). Measurements of FEY 1 were made one minute and three minutes 

after the inhalations and the smaller reading was used for calculation. If a fall in FEY 1 of 

greater than 10% occurred after saline, the challenge was aborted, as the subject was 

considered too reactive. If there was no fall in FEY 1 (or less than 10%) after the saline, then 

the first dose of histamine was delivered, starting with 0.03 mg/ml solution. Doubling 

concentrations of histamine (0.03-64 mg/ml) were administered every five minutes, and 

FEY 1 recorded at one minute and three minutes after each exposure. These steps were 

followed through the histamine concentrations until a fall in FEY1 from the post-saline value 

of>20% occurred, or the highest concentration of histamine was reached. 
98 



The degree of airways responsiveness to histamine was expressed as a non-cumulative PC20 

(provocative dose producing a 20% fall in FEV 1) calculated using the following equation 

(Equation 2.2-1) 

PC '1 [1 C (lOgC2-10g CJ)(20-RI)] 20 = antz og og 1+-'---=------""----"-'----"'-

(R2 -RI) 

(EQUATION 2.2-1) 

Cl = CONCENTRATION IM}.[EDIATELYBEFORE 20% FALL IN FEV1 

C2 = CO)JCENTRATIO)J CAlCSI)JG > 20% FALL IN FEV1 

Rl = % FALLIN FEV1 AFTER Cl 

R2 = % F /\LL ICi FEV 1 AFTER C2 

2.2.3Allergen Inhalation Challenge 

Allergen challenge was performed using a modification of an established protocol 

(Twentyman et af. 1990). If subjects were taking regular inhaled beclomethasone they 

stopped treatment five days before allergen challenge to enable a LAR to develop. Allergens 

which produced the greatest cutaneous wheal response were used. After taking five breaths of 

physiological saline to ensure the absence of non-specific airways irritability, subjects inhaled 

increasing concentrations of allergen solution (Aquagen, ALK, Demnark), beginning with 

1 SQ unit/ml and increasing 10-fold at 15 minute intervals up to 10,000 SQ units/ml or until a 

fall of at least 25% from post-saline baseline had been achieved (EAR). FEVI measurements 

were recorded at 20,30,45 and 60 minutes and thereafter, hourly for eight hours. A LAR was 

defined as a fall in FEV1 >15% from post-saline baseline between three and eight hours post-

challenge. Subjects were then routinely given 2.5 mg of nebulised salbutamol and allowed 

home. They retumed the following moming for histamine challenge using a previously 

reported protocol (Twentyman et af. 1990). 
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For safety considerations, arbitrary minimum acceptable values for FEV 1 and FVC were set 

prior to the challenge:FEV 1 >70% predicted and FVC >80% predicted. 

2.2.3.1 Allergen Preparation 

Allergen was prepared freshly each study day by dilution of the 'neat' commercial solution 

(100,000 SQ-U/ml) with normal saline. Concentrations of 10,000 SQ-U/ml, 1,000 SQ-U/ml, 

100 SQ-U/ml, 10 SQ-U/ml, and 1 SQ-U/ml were used as specified in individual studies. 

2.2.3.2 Administration of allergen 

Immediately prior to saline inhalation, lung function was recorded. For all time points 

throughout this procedure, at least two technically satisfactory FEV 1 measurements were 

recorded, and the greatest of these used for comparisons with other time points. 

After recording baseline spirometry the subject (using a nose peg) inhaled five breaths of 

nebulised normal saline, from functional residual capacity (FRC) to total lung capacity (TLC), 

taking each inspiration over five seconds. The time of the first inhalation was recorded. If a 

fall in FEV 1 of > 10% occurred after saline, the challenge was aborted for that day. If there 

was no fall in FEV 1 (or less than 10%) after saline, then the first dose of allergen was 

delivered, starting with the 1 SQ-U/ml dilution. FEV 1 was recorded after five, 10 and 15 

minutes. 

The subsequent doses of allergen were administered based on the following guidelines: 

=> If the fall in FEV1 was less than 10% from the post saline value, then the next dose of 

allergen was delivered 
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=> If the fall in FEY] was between 10% and 15% of the post-saline baseline, a concentration 

of allergen two to five times higher was given 

=> If the fall in FEY] was> 15% but <25% from the post-saline value, a further five breaths of 

the same concentration were administered 

These steps were followed through the allergen concentrations until a fall in FEY] from the 

post-saline value of>20% was achieved. 

A late asthmatic reaction (LAR) was defined as a fall in FEY] of > 14% from post-saline 

baseline at two to eight hours post challenge. At the conclusion of the study period inhaled 

salbutamol was administered. The degree of airways responsiveness to allergen is expressed 

as a cumulative PD25 (provocative dose producing a 25% fall in FEY]) using the following 

equation (Equation 2.2-2). 

. [ .!-( 1--,,0 g"'-.D_2_-_1 0-","-g_D-<.U ...... (_2 5_-_R...:..l) ] 
PD25 = antzlog log Dl + -

(R 2- Rl) 

EQUATION 2.2-2: CALCULATION OF PDz:;FEV 1 FOllOWING ALLERGEN CHAU..ENGE. 

Dl = Cumulative dose immediately before 25% fall in FEV1 

D2 = Cumulative dose causing> 25% fall in FEV1 

Rl = % fall in FEV1 after Dl 

R2 = % fall in FEV1 after D2 
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2.2.4 Sputum Induction and Processing 

2.2.4.1 Sputum induction 

Induction of sputum production involved the subject inhaling saline solution. Before 

induction, subjects were asked to blow their noses and rinse their mouths. The subject was 

instructed to expectorate into a sterile plastic container. 

Subjects were pre-medicated with 200 )lg salbutamol via a spacer. A peak expiratory flow 

(PEF) was recorded. Subjects were seated in an induction chamber and hypertonic saline 

(4.5%) was aerosolised by an ultrasonic nebuliser (DeVilbiss Ultra Neb 99, Middlesex, UK) 

with an output set at 3 mllmin. Subjects wore a noseclip and inhaled aerosol for up to four 

five-minute periods. 

After five minutes the nebulisation was stopped and PEF noted. The procedure was 

discontinued when there was a fall in PEF of > 15% or respiratory discomfort. After each 

inhalation period, or whenever they felt the need to expectorate, patients rinsed their mouths 

with water to minimise contamination with saliva, and expectorated the sputum into a Petri 

dish which was placed on ice immediately. 

2.2.4.2 Sputum processing 

The total amount of sputum obtained was weighed and placed in a 50-ml Falcon tube. An 

equal weight of 10-mM dithioerythritol (DTE, Sigma) was added to the sputum, the samples 

were gently mixed and placed on a rocker for 30 minutes to allow mucus breakdown. The 

contents were then filtered through a 70-,.un filter to remove mucus. The filtrate was 

centrifuged for 10 minutes at 400 g and 4°C to obtain a cell pellet. 

102 



The supernatants were aspirated and aliquoted into labelled Eppendorf tubes and stored at 

-80°C for future assays of inflammatory mediators: tryptase and eosinophil cationic protein 

(ECP). The cell pellet was resuspended in 1 ml of phosphate-buffered saline (PBS) and total 

cell count and viability were determined in a Neubauer's chamber after staining with trypan 

blue. 

Cytospins were obtained using 40--70 III of sputum/PBS solution. Slides were fixed with 

methanol and allowed to dry. Subsequently the slides were stained with Diff-Quick staining. 

Differential cell counting was performed by counting 600 cells in each cytospin. 

2.2.5 Skin-Prick Test 

All subjects were investigated with skin-prick testing to a panel of common aeroallergens 

including Dermatophagoides pteronyssinus, to which subjects had to be allergic if they were 

to take part in the allergen challenge studies and/or donate their blood for stimulation of 

PBMC with this allergen. The testing was carried out on the inner forearm with the arm coded 

with a marker pen for the allergens to be tested. A drop of the allergen solution (Soluprick 

SQ, 10 HEP, ALK, Denmark) or positive (histamine dihydrochloride, 10 mglml) or negative 

(solvent) control was placed by each code and the skin was then pricked through the drop 

using the tip of a lancet. The reactions were read at 15 minutes and compared to positive and 

negative control. A subject was classified as atopic if any allergen caused a weal three mm or 

more in diameter. 
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2.2.6 In vitro cytokine response to allergen 

2.2.6.1 Preparation of peripheral blood mononuclear cells (PBMC) 

Peripheral blood mononuclear cells (PBMC) were isolated from heparinised venous blood by 

@ 
Ficoll-Hypaque gradient centrifugation (Lymphoprep, Nycomed Pharma AS, Asker, 

Norway). Heparinised blood was taken, shaken and diluted in an equal volume (1:1) of 

phosphate-buffered saline (PBS) with 2% foetal calf serum (FCS). PBMC were then 

separated using Lymphoprep density centrifugation. Ten ml of Lymphoprep were pipetted 

into a 25 ml universal tube and the same volume of peripheral blood was layered on top and 

centrifuged for 25 minutes at 800 g and at room temperature (20°C). The 

lymphocyte/monocyte interface was aspirated, collected into a 50 ml polypropylene tube and 

washed twice in PBS 2% FCS, centrifuging for 10 minutes at 400 g, and 4°C to remove 

excess platelets. 

The cell pellet was resuspended in two ml PBS 2% FCS and the concentration of the cells 

adjusted to lxl07 cells/ml. All cell counts were performed using 0.4% trypan blue in PBS to 

exclude dead cells. Cells were resuspended at 2x 106 cells/ml in RPMI 1640 medium, 

supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/ml penicillin, 100 

Ilg/ml streptomycin, 50 IlM 2-ME (all from GibcoBRL Life Technologies, Paisley) and 5% 

heat-inactivated human AB serum, and cultured for 48 hours at 37°C in 5% C02 in the 

presence or absence of house dust mite allergen extract (Dermatophagoides pteronyssinus, 

ALK, Horsh0lm, Denmark) at a concentration of 5,000 SQ units/ml. The dose of allergen was 

chosen from pilot experiments as causing the greatest increase in Ilr5 synthesis. 
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2.2.6.2 Mycobacterium vaccae in vivo 

Twenty ml of heparinised venous blood were collected from each study subject before and 

after M vaccae/placebo administration as described in 4.2.1.S. PBMC were isolated by Ficoll

Hypaque gradient centrifugation as described above. Culture supernatants were assayed by 

commercial ELISA kit for IL-S levels (CytoScreen™, BioSource International Inc., 

Camarillo, CA, USA) with sensitivity at 4 pg/ml. 

2.2.6.3 Mycobacterium vaccae in vitro - Lipopolysaccharide 

PBMC were isolated from 40 ml of heparinised venous blood by Ficoll-Hypaque gradient 

centrifugation. Cells were washed twice and resuspended at 2xl06 cells/ml in RPMI 1640 

supplemented as described above (2.3.6.1). Cells were cultured for seven days at 37°C in S% 

CO2 in the presence or absence of house dust mite allergen extract (Dermatophagoides 

pteronyssinus; Del' p) at a concentration of S,OOO SQ units/ml. The dose of allergen and 

duration of culture were chosen from pilot dose-response experiments which showed these to 

be optimal for IL-S and IL-13 production. To assess responsiveness to non-specific stimuli, 

PBMC were stimulated at day six with phytohaemoagglutinin (PHA) at a concentration of 

10 mg/ml and harvested after 24 hours. Culture supernatants were assayed by commercial 

ELISA kits for IL-S, IL-13 and IFN-y (CytoScreen™, BioSource International Inc.) with 

sensitivity at 4 pg/ml. 

In order to study the effects of M vaccae, PBMC were stimulated with 10 /-lg/ml of a 

preparation of heat-killed M vaccae, SRP299 (SR Pharma, London, UK). To study the 

mechanisms involved in any modulation of allergen-induced Th2 cytokine responses by 

M vaccae, PBMC stimulated with allergen in the presence of M vaccae were also incubated 
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with single neutralising antibody or a combination of neutralising antibodies to IL-18 (mouse 

IgG j ), IL-12 p70 and IL-I0 (all from R&D Systems). All the neutralising antibodies were 

used at a concentration of 1 Ilg/ml. IL-12 was used at a final concentration of 1 ng/ml. Parallel 

control wells contained the same concentration of a control isotype abtibody (lgG2a). 

2.2.6.4 Proliferation assay of PBMC 

Cells undergoing proliferation increase their rate of protein and DNA synthesis; this can be 

measured by adding eH]thymidine, a radioisotope-labeled DNA precursor, to the cell culture 

medium. The amount of 3H taken up by the dividing cells is correlated to the level of cellular 

proliferation. 

The proliferation assay protocol was as follows: 

Proliferation responses were set up in triplicate. 96-well U -bottom tissue-culture 

plates were labelled. 

Antigen was prepared in RPMI 1640 (supplemented as described in 2.2.6.1) in 100 

ilL per well. 

Each assay included the medium control for background proliferation; i.e. complete 

RPMI 1640 without antigen; positive control (PHA 10 llg/mL). One hundred ilL of 

the antigen/RPMI was ali quoted per well. Each well contained 2xl05 PBMC made 

up in complete RPMI and 5% heat-inactivated autologous serum, to give a final 

concentration of 5% serum in 200 ilL. 

Cells were incubated at 37°C, 5% CO2, in a humidified incubator for seven days. 

Cells were pulsed with 20 ilL containing 0.5 IlCi eH]-thymidine (1 ilL = 1 IlCi) 16 
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hours prior to harvest and then were re-incubated at 37°C, 5% CO2, in a humidified 

incubator for 16 hours. 

Cells were harvested onto glass fibre filters. Filter was allowed to dry. Cells 

adsorbed onto glass filter were transferred into Pony scintillator vials and scintillant 

liquid was added (Optiphase Supennix, Wallac) and gently mixed until filter was 

dissolved. 

Radioactivity was counted m a scintillation counter usmg the eH]-thymidine 

programme. 

Data were printed and transferred to Microsoft Excel. 

2.2.7 Solid phase Enzyme-Linked Immunosorbance Assay 

(ELISA) 

Enzyme-linked hnmunosorbance assay (ELISA) for cytokines was perfonned according to 

the manufacturers' instructions. In brief, a standard curve of the appropriate antibody was 

added to the pre-coated ELISA plates, along with the same volume of cell culture 

supernatants (either neat or diluted). Plates were incubated at room temperature and then 

washed three times with the appropriate washing solution included in the kit. 

Plates were then incubated with a biotinylated polyclonal antibody. During the first 

incubation, the cytokine antigen binds simultaneously to the immobilised (capture) antibody 

on one site, and to the solution phase biotinylated antibody on a second site. 

After removal of excess secondary antibody, streptavidin-horseradish peroxidase (HRP) 

conjugate was added. This bound to the biotinylated antibody to complete the four-member 

sandwich. After a second incubation and washing to remove all the unbound enzyme, a 
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substrate solution [tetramethylbenzidine (TMB) plus hydrogen peroxide (H~02)] was added, 

which was acted upon by the bound enzyme to produce colour. Plates were then incubated for 

30 minutes in the dark until colour developed. The intensity of this colour product was 

proportional to the concentration of cytokine present in the original culture supernatant. The 

colour reaction was terminated with a stop solution provided by the manifacturer. The plate 

was then analysed by an ELISA reader. 

The minimum detectable dose of the cytokine measured was 4 pg/ml. 

Total serum IgE was measured by the Regional Immunology Laboratory, Southampton 

General Hospital by enzyme-linked immunosorbent assay (ELISA) using a monoclonal anti

IgE antibody developed in-house and a commercially available antibody (Dako, High 

Wycombe, UK). 
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CHAPTER THREE 

IL-4 and allergic inflammation - Effects of IL-4 

inhibition on cytokine profile 
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3.1 IL-4 AND ALLERGIC INFLAMMATION 

One of the most important cytokines involved in the pathogenesis of allergic inflammation is 

represented by IL-4. Because of its pleiotropic effects on both inflammatory and structural 

cells in the airways, IL-4 has been viewed as a potential target for treatment. A particularly 

desirable effect of such treatment would be the inhibition of differentiation of uncommitted 

ThO cells into Th2 cells (Hsieh et al. 1992; Seder et al. 1992) and survival of Th2 cells (Vella 

et al. 1997). 

3.1.1 IL-4 receptor (lL -4R) 

Human studies and experimental animal models clearly show the importance of Th2-derived 

cytokines in the pathophysiology of allergic asthma (Barnes et al. 1998; Chung et al. 1999). 

Therapeutic strategies that target the key Th2 cytokines have been the subject of intensive 

investigation (Anderson et al. 1994). Although many of the described Th2 cytokines 

contribute to the pathogenesis of allergic inflammation, several studies to date have identified 

IL-4, IL-5 and IL-13 as pivotal in the orchestration of the allergic inflammation, and the 

blockade of their action may represent useful therapeutic targets in the management of atopic 

conditions (Tournoy et al. 2002). 

Signalling by IL-4 involves its interaction with receptors consisting of a heterodimer of high-

affinity (Kd 20-300 pM) IL-4Ra and either the gamma common (yc) chain or the IL-13 

receptor a chain (Jiang et al. 2000). 

IL-4 receptors are found on T cells, B cells, mast cells, basophils, eosinophils, macrophages, 

fibroblasts, endothelial cells, hepatocytes, keratinocytes, stromal cells and neuroblasts (Ohara 

et al. 1987; Lowenthal et al. 1988; Dubois et al. 1998; Nelms et al. 1999). Although 

homodimerisation of the IL-4Ra chain can result in the generation of biochemical signals 
110 



within the cell (Lai et al. 1996; Fujiwara ef al. 1997), physiological signalling depends upon 

IL-4-mediated heterodimerisation of the IL-4Ra chain with yc (Russell ef al. 1993) (Figure 

3.1-1). 

The IL-4Ra chain also functions as a component of the IL-13 receptor (lL-13R) (Hilton et al. 

1996; Murata et al. 1998 ), although IL-13 appears not to utilize the yc chain. Rather, its 

receptor employs other cell surface polypeptides, the IL-13Ra and IL-13Ral chains, in place 

of yc (Hilton et al. 1996)(Figure 3.1-1). 

Structural alterations in the IL-4R extracellular region may result in altered receptor signalling 

capabilities, as shown by a variant of the human IL-4Ra chain isolated from atopic 

individuals containing Ile50Val substitution that has been shown to enhance signal 

transduction resulting in the increased production of IgE (Mitsuyasu et al. 1999). 

3.1.1.1 Activation of Signal Transduction by the IL-4R 

Ligand-induced dimerization (or multimerization) of cytokine receptors results in the 

activation of tyrosine kinases that initiate signalling cascades (Reichel et al. 1997). Neither 

the IL-4Ra nor the yc chain has endogenous kinase activity; rather, the IL-4R requires 

recruitment of non-receptor tyrosine kinases for the initiation of signal transduction such as 

the Janus-family (Jak) tyrosine kinases (Ihle 1995). Three members of the Janus kinase 

family, Jak-l, Jak-2, and Jak-3, are activated in response to IL-4R engagement and associate 

with components of the IL-4R complex. Jak-l associates with the IL-4Ra chain, while Jak-3 

associates with the yc chain (Figure 3.1-1) (Miyazaki et al. 1994). 

Activation of IL-4R-associated kinases leads to the tyrosine phosphorylation of the IL-4Ra 

chain itself. The conserved tyrosine residues in the cytoplasmic region of the IL-4R are 
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potential sites of phosphorylation and interaction with downstream signalling proteins through 

Src-homology 2 (SH2) or phosphotyrosine-binding (PTB) domains within these molecules 

(Nelms et al. 1999). The IL-4Ra. chain cytoplasmic region has three functionally distinct 

domains, one that acts as an interaction site for Jak:, required for activation of proliferative 

pathways, one that confers protection from apoptosis, and a third domain involved in the 

activation of pathways leading to induction of gene expression (Nelms et al. 1999)(Figure 

3.1-2). 
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3.1.1.2 IL-4R Signalling Pathwa y s 

Signal transduction through IL-4R uses multiple signalling pathways to induce cell growth 

and survival, cell proliferation, and differentiation. 

The region of the receptor proximal to the membrane contains sequences, which bind Jak-1 

(bound to IL-4Ra) and Jak-3 (bound to yc) . Distal to this region is the 14R moti f, a region of 

sequence homology found in the insulin-like growth factor-1 (lGF-1). This motif and its 

central tyrosine are essential for the tyrosine phosphorylation of insulin receptor substrates 

(IRS)-l and IRS-2 and adaptor proteins responsible for growth activities of the receptor by 

linking the receptor to various downstream signalling pathways, including phosphoinositol 

3-kinase and mitogen-activated protein (MAP) kinases (Nelms et af. 1999). A more distal 

region of the receptor, tem1ed the gene expression domain, mediates activation of STAT6 and 

related gene expression (Figure 3.1-1, Figure 3.1-2). 
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3.1.1.3 Inhibitors of IL-4: antibodies and IL-4 antagonists 

Once IL-4 and IL-13 have been produced during allergic sensitisation or upon allergen 

challenge, the inhibition of the receptor-ligand interaction may offer the most straightforward 

approach to interfere with the biological effects of IL-4. Either the ligand or the receptor 

subunits could be targets. Blocking the receptor yc is problematic since this receptor chain is 

shared by IL-2, IL-7, IL-9, IL-IS, and IL-21 (Sugamura et af. 1996), which implies that 

severe side effects can be anticipated. In fact, the yc chain gene, which is localised to human 

chromosome Xq13, plays a vital role in thymic maturation of T cells and mutations cause 

human X-linked severe combined immunodeficiency (XSCID) characterised by a complete or 

profound T cell defect (Noguchi et af. 1993; Russell et af. 1993). Among the cytokines 

sharing the yc chain, at least IL-7 is essentially involved in early T cell development (Noguchi 

et af. 1993; Russell et al. 1993). 

3.1.1.3.1 InhibilOlyantibodies 

Inhibitory antibodies against IL-4 (Finkelman et af. 1988; Renz et af. 1996) and IL-4R 

(Fluckiger et aZ. 1994; Tony et aZ. 1994 ) have been developed and are efficient in cellular 

assays and mouse models of parasite infection and allergy. It should be noted that antibodies 

against these two molecules are not functionally equivalent, since only anti liAR inhibits IL-

13 as well as IL-4 mediated effects. Although IL-4/IL-4R interaction has been effectively 

inhibited in a number of studies (Mueller et aZ. 2002), there are concerns that anti-IL-4 

antibodies can potentially increase the biological effects of IL-4. Indeed, injection of mice 

with mixtures of IL-4 and neutralizing anti-IL-4 mAb, at a cytokine/anti-cytokine mAb molar 

ratio of approximately 2: 1, has been shown to enhance and prolong the in vivo IL-4 activity. 

The stimulatory effect of IL-4-containing complexes could be blocked by increasing the ratio 
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of anti-IL-4 mAb to IL-4 by injection of anti-IL-4R mAb. These observations are most 

consistent with the possibility that anti-IL-4 mAb acts as carrier protein that increases the in 

vivo half-life of IL-4 by different means such as preventing its excretion, slowing down its 

renal clearance, protecting the cytokine from proteolytic digestion, and possibly by preventing 

modification of its active site (Finkelman et al. 1993). In contrast, blocking LL-4R is always 

inhibitory unless a conscious effort is made to induce homodimerization of the receptor, 

which may lead to non-physiological activation (Lai et aZ. 1996; Reichel et al. 1997). 

Blocking IL-4 could introduce a completely new range of treatment for allergy affecting the 

cytokine network. In a murine model of asthma, IL-4 blocking antibodies inhibit allergen

induced BHR (Corry et af. 1996), goblet cell metaplasia, and pulmonary eosinophilia (Gavett 

et aZ. 1997). Studies employing a mouse-human chimera have been useful in allowing the in 

vivo study of the components of the human immune system relevant to asthma. Mouse anti

IL-4 monoclonal antibodies (mAb) have been shown to be capable of preventing both 

eosinophilia and IgE production when given during the allergen sensitisation phase (but not 

when given during the secondary immune responses) (Coyle et al. 1995; Tournoy et af. 

2002). This effect was confirmed with human anti-IL4 mAb and following administration of 

an IL-4 mutant protein, which acts as an IL-4 and IL-13 receptor antagonist in HuPBLSCID 

(mice created by intraperitoneal injection of human peripheral blood lymphocytes into SClD 

mice) models (Kilchherr et af. 1993; Spiegelberg et af. 1994; Carballido et aZ. 1995; 

Carballido et af. 1995). Accordingly, IL-4 receptor blockade with a monoclonal antibody 

inhibits allergen-induced airway responses. No changes in IFN-y concentrations and, thus, in 

Thl activity were observed, suggesting a selective inactivation of the Th2 driven 

inflammatory response (Gavett et af. 1997). 
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Antibodies against ILAR are a promising option. In a mouse model of allergen-induced BHR, 

anti-IL-4R antibody blocked IgE production, prevented development of BHR, and attenuated 

airway eosinophilia in some (Gavett et al. 1997) but not in other studies where the combined 

administration of anti-lL-4 and anti-IL-5 mAb was necessary to block IgE production, airway 

eosinophilia and BHR (Kurup et al. 1997; Tanaka et at. 1998 ). 

The administration of murine antibodies in humans, however, almost always elicits an 

immune response resulting in the production of neutralising antibodies against the 

administered antibodies (Wong et al. 2000), necessitating the reduction of immunogenicity 

by protein engineering (humanisation) or production of non-immunogenic human antibodies 

by phage display technology. 

3.1.1.3.2 CytoJ.:ine antagonists 

Cytokine antagonist analogues are designed by mutating a binding site with the intention to 

create a variant that is still able to bind one receptor subunit but not the other. Antagonistic 

mutants cannot activate the receptor and are highly specific inhibitors. In the case of IL-4, 

mutation of amino acids in the binding site for yc leads to the creation of antagonistic variants. 

An antagonist of human Ilr4 was discovered after Tyr124 of the recombinant lL-4 protein 

had been substituted by an aspartic acid residue (Kruse et al. 1992; Kruse et al. 1993). This 

Ilr4 variant, Y124D, bound with high affinity to the IL-4 receptor (~= 310 pM) but retained 

no detectable proliferative activity for T-cells and inhibited IL-4-dependent T-cell 

proliferation competitively (Kj = 620 pM). The loss of efficacy in variant Y 124 D was 

estimated to be greater than 100-fold on the basis of a weak partial agonist activity for the 

very sensitive induction of CD23+ B-cells (Kruse et al. 1992; Kruse et al. 1993). Initially, 

three amino acids located close to the C-terminus were identified as particularly sensitive 
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toward exchanges: R121, Y124 and S125 (Kruse et al. 1992; Kruse et al. 1993). 

Simultaneous mutation ofR121 and Y124 to aspartic acid residues (R121D/Y124D) creates a 

protein that has a high binding affinity for IL-4R, no detectable biological activity, and which 

completely inhibits both IL-4 and IL-13 signalling (Tony et al. 1994). 

The analogous amino acids in mouse IL-4 are Ql16 and Y1l9. The variant Ql16DIY119D 

corresponding to the human antagonist is a complete antagonist for IL-4 and IL-13 

(Grunewald et al. 1997; Grunewald et al. 1998). Inhibitory activity is also created by the 

single point mutation Yl19D or by truncating mouse 1L-4 after residue 118. Mutations in the 

C-terminus region of the IL-4 protein produce IL-4 mutants that bind to the IL-4R alpha-chain 

with high affinity, but do not induce cellular responses. A murine IL-4 mutant (Cl18 deletion) 

protein (IL-4R antagonist) inhibited IL-4- and IL-13-induced STAT6 phosphorylation as well 

as IL-4- and IL-13-induced IgE production in vitro. Administration of murine IL-4R 

antagonist during allergen (ovalbumin) challenge inhibited the development of allergic airway 

eosinophilia and BHR in mice previously sensitized with OVA (Tomkinson et al. 2001). The 

inhibitory effect on airway eosinophilia and BHR was associated with reduced levels of IL-4, 

IL-5 and IL-13 in the BAL fluid as well as reduced serum levels of OVA-IgE. These 

observations demonstrate the therapeutic potential of IL-4 mutant protein receptor antagonists 

that inhibit both IL-4 and IL-13 in the treatment of allergic asthma (Tomkinson et al. 2001). 

BALB/c mice sensitised to ovalbumin have also been treated with a mutated IL-4 variant 

(Q116D, Y119D) during the sensitisation phase or alternatively after ovalbumin allergy was 

established (Hahn et al. 2003). The inhibition of the IL-4/IL-13 system during allergic 

sensitisation resulted in a dose-dependent reduction of OVA-specific IgE and inhibition of 

airway eosinophilia together with decreased IL-5 levels and decreased numbers of 1L-4-

secreting CD4+ T cells. Moreover, goblet cell metaplasia and airway responsiveness to 
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methacholine could be reduced significantly by the IL-4/IL-13 inhibitor. However, the 

inhibition of the IL-4/IL-13 system at various time points after allergy was established 

showed only little effect on all measured allergic parameters (Hahn et al. 2003). 

Another approach is blockade of IL-4 receptors with a mutated form of IL-4 (BA Y 36-1677), 

that binds to IL-4Ra and IL-13Ral, thus blocking both IL-4 and IL-13 (Shanafelt et al. 1998; 

Srivannaboon et al. 2001). Indeed, IL-4.YI24D, a macromolecular IL-4 mutant resulting from 

the replacement of Tyr124 by aspartic acid, has been found to bind with high affinity to the 

IL-4 receptor and inhibit IL-4-dependent T-cell proliferation (Kruse et al. 1992) as well as IL-

4/IL-13-induced IgE synthesis (Aversa et al. 1993). 

Alternative splicing of mRNA can generate protein isoforms that are preferentially expressed 

in different tissues or during different states of cell differentiation or activation. Protein 

isoforms may have different functions. A naturally occurring splice variant of human IL-4, 

called IL-482 is characterised by the lack of the second exon of IL-4 by alternative splicing, 

with exons 1, 3, and 4 joined in an open reading frame. IL-482 is preferentially expressed in 

the thymus and airways and, in contrast to lL-4, does not act as a costimulator for T cell 

proliferation, in fact, it can inhibit T cell proliferation function of complete IL-4. The balance 

between IL-4 and IL-482 may be important in the regulation of IL-4 effects (Atamas et al. 

1996). 

3.1.1.3.3 Animal studies and clinical trials 

Mutant 1L-4 molecules have been developed which act as antagonists of IL-4-induced Th2 

cell proliferation, differentiation and signal transduction (Kruse et al. 1993; Grunewald et al. 

1997; Grunewald et al. 1998; Shanafelt et al. 1998; Tournoy et al. 2002). The value of IL-4 

antagonists has been demonstrated in mice, where the application of antagonists created by 
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mutating murine IL-4 prevented the development of allergic reactivity (Grunewald ef al. 

1998). Allergic responses (e.g. antigen-specific IgE and IgGJ, skin response to intradennal 

antigen, and systemic anaphylactic shock upon intravenous application of the antigen) were 

absent if mice had been treated with the antagonistic mouse IL-4 variant Q 116DN 119D at the 

time of sensitisation (Grunewald et al. 1998). Similar effects of inhibition of IL-4/IL-13-

induced STAT6 phosphorylation, IgE production, airway eosinophilia, Th2 cytokine 

production and BHR were achieved in studies using another murine IL-4 antagonist created 

by deleting the C-tenninal amino acids following Ql19 (Tomkinson et al. 2001). 

These data confinn the findings of decreased bronchial hyperresponsiveness and reduced 

infiltration of eosinophils following the application of a human IL-4 antagonist in a monkey 

(Macaca fasciculata) model of allergic asthma (R. Gundel, W. Sebald et al., unpublished 

observations) (Mueller et al. 2002) . 

The antagonistic IL-4 mutant R121DIY124D has now entered a phase II clinical trial where it 

is being evaluated for the treatment of allergic asthma. 

3.1.1.4 Inhibitors of IL-4: soluble IL-4R 

Soluble cytokine receptors naturally arise from genes encoding membrane-bound receptors or 

are direct derivatives of the receptors themselves (Fernandez-Botran 2000). The extracellular 

domains of cytokine receptors are produced biologically by shedding (lung et al. 1999) or 

through specific mRNAs generated by differential splicing (Heaney et al. 1996). In many 

cases, soluble receptors appear to play an integral part in the dynamic interaction between 

ligands and their membrane-bound receptors, and dysregulated expression of soluble 

receptors can contribute to certain human diseases (Chilton et al. 1997; Heaney et al. 1998). 

119 



Soluble fomls of cytokine receptors nomlally participate in the control of cytokine activity in 

vivo by inhibiting the ability of cytokines to bind to their membrane receptors, thereby 

preventing them from generating a biological response. The ability of soluble cytokine 

receptors to act as cytokine inhibitors, coupled to their specificity, high affinity and low 

immunogenicity, has prompted considerable interest in their use as immunotherapeutic agents 

(Femandez-Botran 2000). Although early clinical trials of soluble receptors have shown 

unexpected toxicities, their application in medicine continues to advance, and it is likely that 

soluble receptors will join hormones, cytokines and growth factors as established biological 

therapies as soluble receptor-derived binding proteins offer the advantage that these are 

physiological proteins that should not elicit an immune response. 

Studies in mice have shown that after stimulation of naIve lymphoid cells with IL-4, soluble 

IL-4 receptor (sIL-4R) release was dependent on up-regulation of spliced IL-4R mRNA, as 

shown by inhibition with specific antisense oligonucleotides. In contrast, TcR stimulation 

with anti-CD3 mAb of IL-4-deficient mice led to IL-4-independent sIL-4R production 

through proteolytic shedding of membrane-bound IL-4R, as demonstrated by the absence of 

an increase in the spliced IL-4R mRNA and no inhibitory influence of antisense 

oligonucleotides (Blum et al. 1996). 

Soluble IL-4R occurs naturally in both animals (Chilton et al. 1997; Hannen et al. 1999; 

Kruse et al. 1999) and humans (Sato et al. 1993; Hannen et al. 1999; lung et al. 1999). The 

soluble binding protein is, therefore, able to compete with the cell-bound receptor for its 

ligand, and is highly efficient in blocking the effects of IL-4. However, soluble IL-4R does 

not bind IL-13 to a measurable extent, and under some circumstances may potentiate IL-4 

effects due to the same mechanism as observed for inhibitory anti-IL-4 antibodies (Mueller et 

al. 2002). Secreted forms of IL-4Ra occur naturally and are expressed in allergic 
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inflammation. Soluble IL-4R is capable of interacting with IL-4 and because it lacks the 

transmembrane and cytoplasmic domains (Figure 3.1-3), it does not induce cellular activation 

but instead sequesters ILA, serving as an anti-inflammatory mechanism that can counter the 

effects of IL-4 (Figure 3.1-3). This mechanism might represent an endogenous autoregulatory 

or homeostatic mechanism. In vivo, exogenous sIL-4R has been shown to have both agonistic 

and antagonistic effects on IL-4 responses, depending on the relative concentration ratios of 

sIL-4R to IL-4 (Sato et al. 1993; Jung et al. 1999). 

1 )Alternative splicing 

2)Cleavage 

sIL-4R 

FIGURE 3.1-3: Generation of rytokine soluble receptors 

IL-4 

Signal 

Soluble receptors are formed f?y alternative mRNA splicing that gives rise to a polypeptide lacking a transmembrane region that 
is then secreted from the cell or f?y proteolitic cleavage of membrane bound receptor proteins. sIL4 R appears to be get/erated f?y 
both mechanisms. 

In an effort to elucidate the potential role of endogenous sIL-4R in the regulation of IL-4 

responses, the mechanisms controlling the production of sIL-4R have been investigated. 

Although many cell types are able to constitutively secrete low levels of sIL-4R, its 
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production is significantly up-regulated in vitro upon T cell activation and stimulation with 

IL-4 (Blum et al. 1996; Fernandez-Botran et al. 1997). Serum levels of sIL-4R have 

consistently been found to be increased during a Th2 immune responses as consequence of 

the IL-4-mediated up-regulation of sIL-4R transcription (Chilton et al. 1997), both in the 

presence and absence of antigenic stimulation (Fernandez-Botran et al. 1997). However, 

inhibition of endogenous IL-4 with a neutralising anti-IL-4 mAb achieved only a modest (~ 

20%) inhibitory effect on sIL-4R production, and the stimulation of Thl clones with rIL-4 

resulted only in a two-fold increase in sIL-4R levels, suggesting that IL-4 is not the only 

factor that regulates sIL-4R production. 

Cell contact and/or IL-l mediated signals seem to be other factors involved in the production 

of sIL-4R (Fernandez-Botran et al. 1997). Taken together, these observations suggest that the 

production of sIL-4R in vivo is closely associated with the secretion of IL-4 and are consistent 

with the notion that endogenous sIL-4R is involved in the regulation of IL-4 activity during 

immune responses (Fernandez-Botran et al. 1996). Acting as a decoy to bind and neutralise 

circulating cytokine, coupled with the high specificity and high affinity of binding for the 

cytokine, makes the soluble receptor ideal as a cytokine inhibitor. 

Several studies have demonstrated that a recombinant form of sIL-4R acts as an IL-4 

inhibitor, regulating cytokine production in experimental models of Th2-mediated infectious 

diseases. In a Leishmania major model, L. major-specific Th2 clones could be inhibited by 

recombinant murine sIL-4R in a concentration-dependent fashion; and treatment of L. major

infected BALB/c mice with recombinant sIL-4R rendered the animals clinically resistant to L. 

major and shifted the pattern of cytokines towards a Thl type, providing resistance against 

reinfection (Gessner et al. 1994). Similarly, in a model of systemic candidiasis, mice treated 

with sIL-4R showed persistent ablation of circulating IL-4 detected by ELISA which was 
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associated with a cure rate of >90% in otherwise lethally infected mice and a shift from a 

predominant Th2 to a Th 1 pattern of reactivity (Puccetti et of. 1994). 

Soluble IL-4R has also been studied in mouse allograft models, where it has been shown to 

prevent rejection and IgE response to anti-IgD treatment (Maliszewski ef of. 1992; 

Maliszewski et of. 1994), and more extensively in allergic diseases both in animal models and 

recently in human asthma. 

In mouse models of allergic diseases, sensitized mice treated with sIL-4R administered in 

parallel to the sensitisation protocol developed significant suppression of anti-OVA IgE and 

anti-OVA IgG J antibody production. Allergen-specific immediate cutaneous hypersensitivity 

responses in mice was inhibited in a dose-dependent manner. Treatment with intraperitoneal 

sIL-4R also prevented expansion of Vj38.118.2 T cells in OVA -treated animals (Sato ef of. 

1993; Renz et al. 1995; Renz et al. 1996). Local administration to the lungs of sIL-4R by 

aerosolization not only decreased the IgE/lgG 1 responses to OVA but also reduced total 

serum IgE levels (Renz et of. 1996). In vitro studies have also demonstrated that murine sIL-

4R and dimeric sIL-4R fusion protein significantly reduce allergen-specific polyclonal IgE 

production by lymphocytes obtained from allergen-sensitized mice (Renz et of. 1995). These 

effects were comparable to the findings following treatment with monoclonal anti-IL-4 

antibody (Renz et 01. 1995; Renz et 01. 1996). 

In similar models, elevating airway levels of sIL-4R through the administration of exogenous 

sIL-4R is effective in blocking the late phase pulmonary inflammation and prevents the 

development of airway inflammation (Henderson et al. 2000). However, sIL-4R did not 

reduce BHR in response to methacholine challenge. These findings were confirmed in human 

in vitro studies using PBMC from atopic donors where sIL-4R suppressed the IL-4-induced 

IgE synthesis and sCD23 secretion ofPBMC (Konig et 01. 1995). 
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Soluble IL-4R seems to play an important role in human allergic diseases. It has been shown 

that sIL-4R levels are increased in BAL of asthmatic patients when compared to controls 

(Fitch et al. 2003) and its levels in the nasal fluid are increased during the pollen season in 

patients with seasonal allergic rhinitis (Benson et al. 2000). A weak positive correlation was 

also found with IgE and eosinophils (Benson et al. 2000). 

Soluble recombinant human IL-4 receptor (rhuIL-4R; Nuvance™; Immunex) is the 

extracellular portion of human IL-4Ra. Because the amino acid and the glycosylation 

sequences are identical to those of human IL-4R, soluble receptors are relatively 

nonimmunogenic. This is in contrast to chimerised or humanised monoclonal antibodies, 

which retain some murine sequences, or IL-4 muteins that are not authentic. However, it is 

not known whether and to what extent sIL-4R can inhibit allergen-induced T cell responses in 

humans. 

Preclinical studies have shown that sIL-4R is safe and effective in the treatment of patients 

with asthma (Borish et al. 1999; Borish et al. 2001). A single nebulised dose of sIL-4R 

prevents the fall in lung function induced by withdrawal of inhaled corticosteroids in patients 

with moderately severe asthma (Borish et al. 1999). Subsequent studies have demonstrated 

that weekly nebulisation of sIL-4R improves asthma control over a 12-week period (Borish et 

al. 2001). 

In a phase I study, subjects with mild or moderate persistent asthma treated with sIL-4R had 

significantly better FEV], improved symptom scores and reduced ~2-agonist use and BHR to 

methacholine. From these studies, it may be speculated that the action of sIL-4R in inhibiting 

inflammation at a key regulatory point, may ameliorate the long-term disease progression in 

asthma. 
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3.2 AIM 

I hypothesised that IL-4 is critical for the differentiation, proliferation and survival of Th2 

cells and that its presence is required within days of contact of T cells with allergen. To 

address this hypothesis, I first studied the direct effects of recombinant IL-4 (rIL-4) on IL-5 

generation by peripheral blood mononuclear cells (PBMC) from allergic asthmatics. 

Focusing thereafter on allergen-driven responses, the kinetics of IL-5 and IL-13 synthesis 

by PBMC stimulated with lipolysaccharide (LPS)-free house dust mite allergen, 

Dermatophagoides pteronyssinus (Der p), was investigated. I sought to inhibit the synthesis 

of these two cytokines and reduce T cell proliferative responses to allergen by neutralising 

IL-4 using the soluble recombinant human IL-4 receptor (rh-sIL-4R) obtained by cloning 

and expression in a mammalian system and consisting of the extracellular portion of human 

IL-4Ra (Sato et ai. 1993). The effectiveness of sIL-4R was compared with that of 

neutralising antibodies against soluble IL-4 and its surface expressed receptor, respectively. 

3.3 METHODS 

3.3.1 Study Design 

In the first experiments, which aimed at studying the direct effects oflL-4, PBMC from atopic 

asthmatics donors were stimulated with IL-4 for seven days, at which point IL-5 production 

was measured. In subsequent experiments, PBMC were stimulated with Der p for three or 

seven days in the presence or absence of human recombinant sIL-4R to investigate whether 

allergen-induced production oflL-5 and, additionally, IL-13 was also dependent on IL-4, and 

to define the kinetics of the response (Figure 3.3-1). In addition, the effects of sIL4R on the 

production of IL-12 and the Thl cytokine, IFN-y, as well as T-cell proliferative responses 
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were studied. The inhibitory effects of sIL-4R were compared with those of neutralizing 

antibodies against both IL-4 itself or IL-4R expressed on cell surfaces. 

The study was conducted in accordance with good clinical practice (OCP) and in keeping 

with the Helsinki Declaration. Approval was obtained from the Southampton and South-West 

Hampshire Local Research Ethics Committee, and subjects gave their Wlitten infOlmed 

consent. 

Der p ± sIL-4R 

Heparinised blood 
l ..........---==-==-~ 

Day 0 

- -.~-~ 
PBMC 

Day 3 

~ 
I 

Day 7 

s 
I 

ELISA for IL-S, IL-13, IFN-y 

FIGURE 3.3-1: Experimental design used for cultllring a/lergen-stimulated PEMe Jvith sIIAR 
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3.3.2 Subjects 

Eight atopic asthmatics (mean age 35 years, range 22-52 years) with mild asthma participated 

in the study. The subjects were non-smokers and had asthma requiring inhaled Cragonists 

only. All were sensitive to Der p (Table 3.3-1). None of the subjects had suffered from a 

respiratory infection within 14 days of the study, required prescription medication, other than 

that for asthma, during the same period, or had used oral or inhaled corticosteroids within the 

previous six months. 

Subject Age Gender Family History FEV1 FVC PC2oFEV1 Skin Prick test TotallgE 

(yr) Of asthma (mg/ml) House Dust Mite (IUlml) 

(Wheal area, mm) 

1 33 M No 4.7 6.7 1.62 5 x 7 (35) 10 

2 22 M No 4.7 5.3 2.72 5 x 5 (25) 59 

3 29 M No 4.1 5.5 1.25 12x7(84) 984 

4 36 M Yes 4.3 5.6 1.24 7 x 5 (35) 112 

5 52 M Yes 3.4 4.9 1.18 9 x 8 (72) 64 

6 37 M Yes 3.9 4.9 0.35 10x7(70) 160 

7 38 M Yes 3.9 6.2 0.62 15 x 15 (225) 37 

8 34 M Yes 2.5 3.7 2.12 5 x 6 (30) 284 

.. 
TABLE 3.3-1: Subjects' descnptzon 

3.3.3Peripheral blood mononuclear cells (PBMC) 

Blood was drawn into heparinized tubes. PBMC were isolated, as described in 2.2.6.1. and 

2.2.6.3. 

Cells were cultured either in medium alone or in medium supplemented with LPS-free Der p 

extract (ALK) at a concentration of 5,000 SQ units/ml in the presence or absence of sIlr4R or 
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neutralizing anti-IL-4 or anti-IL-4R antibodies (both from R&D systems), at concentrations 

ranging from 0.1 to 10 ~ml. Both antibodies and the sIL-4R were LPS-free as declared by 

the manufacturer. Culture supernatants were harvested and analysed for IL-5, IL-13, IL-12 

and IFN-y using commercial ELISA (Cytoscreen®; BioSource) whose detection limit was 4 

pg/ml. 

3.3.4 Proliferation assay 

Proliferative responses of PBMC were studied m seven-day cultures by eH]-thymidine 

incorporation, as described in 2.2.6.4. 

3.3.5Solid phase sandwich Enzyme Linked

Immunosorbance Assay (ELISA) 

ELISA was performed as described in 2.2.7. 

3.3.6 Statistics 

All statistical analyses were performed using InStat® version 3 for Windows (GraphPad™ 

Software Inc.). Data were analysed for distribution with the Kolmogorov-Smirnov test. Data 

on cytokine levels passed the normality test and, therefore, repeated-measures ANOV A was 

used for comparisons among the groups. When differences were statistically significant, 

Dunnett's test for multiple comparisons was used for post hoc between-group analysis. For 

between-group analysis I also used Bonferroni's test for multiple comparisons. When multiple 

comparisons were not required, the paired Student t-test was employed. The Pearson's 
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correlation test was used for correlation analysis. For all tests p<O.OS was considered 

statistically significant. 

3.4 RESULTS 

3.4.1Kinetics of IL-5 and IL-13 generation by allergen

stimulated PBMC 

In order to determine the kinetics of cytokine generation, supernatants from PBMC stimulated 

with allergen were harvested at day two, three, five and seven post incubation. Optimal 

culture conditions for cytokine synthesis had been established in preliminary experiments 

where I studied the influence of type of medium (serum-free medium or medium 

supplemented with human AB serum), cell density and type of culture plate (e.g. flat versus 

round bottom). These preliminary experiments were largely based on more extensive previous 

work on PBMC cultures carried out as part of a PhD degree by Dr C. Promwong. 

IL-S and IL-13 synthesis increased with time, reaching statistically significant concentrations 

compared to day one after five days of culture (p <O.OS) and even more so after seven days 

(p<0.0 1). IL-13 levels reached statistical significance after seven days (p<O.OS). From these 

preliminary experiments I chose day seven as the best time point for cytokine measurement 

(Figure 3.4-1). 

3.4.2Effects of rIL-4 on IL-5 synthesis 

To test the hypothesis that IL-S synthesis was directly induced by IL-4, I stimulated PBMC 

from five atopic asthmatic donors with recombinant human IL-4 (rIL-4) and assayed the 

culture supernatants for IL-S. Recombinant human IL-4 caused a concentration-dependent 
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increase in IL-5 production by PBMC which peaked at 20 nM. There was no further increase 

at 200 nM; in fact there was a slight reduction when compared with 20 nM (p<0.05) (Figure 

3.4-2). 

The ability of rIL-4 alone to induce IL-5 synthesis in the absence of allergen could be 

explained by the fact that this is an ex-vivo model where PBMC could be already primed. In 

this context, 1L-4 may potentiate 1L-5 transcription and prevent apoptosis without necessarily 

having an effect on clonal expansion and cell proliferation. 
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FIGURE 3.4-1: IVnetics of IL-5 and IL-13 generated I?JI allergell-s tilJ/tt/ated PBMC (11=8). 
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dC!Js. The results are shown as mean ± SEM. The P values indicate levels of significance when compared to dC!J one Der p

stimulated culture (* = p<0.05; **=p<O.OI). 
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3.4.3Effects of sIL-4R on IL-5 and IL-13 synthesis induced 

by allergen 

Stimulation with allergen caused a significant increase in 1L-5 production after three and 

seven days (p<O.OOl and p<O.05, respectively) (Figure 3.4-3, Figure 3.4-4). sIL-4R was 

ineffective at inhibiting IL-5 synthesis during the first three days of stimulation with allergen, 

but caused a significant concentration-dependent inhibition over the next four days which was 

maximal at 10 Ilg/ml (Figure 3.4-3, Figure 3.4-4). In contrast to IL-5, the production ofIL-13 
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was significantly inhibited by sIL-4R already at day three, although the extent of inhibition 

was significantly greater over the whole seven-day period (Figure 3.4-5). 

I investigated whether there was any correlation between IL-5 or IL-13 synthesis in response 

to allergen and the degree of inhibition induced by sIL-4R, with the aim of assessing whether 

individuals who produce more of either Th2 cytokine are more sensitive to IL-4 inhibition. 

There was a strong and highly significant positive correlation between the allergen-induced 

IL-13 measured in the absence of sIL-4R and the relative change in IL-13 seen in cultures to 

which sIL-4R was added (r=0.9; p=0.004) (Figure 3.4-7). In contrast, there was no such 

correlation for IL-5 (Figure 3.4-7). 

3.4.4 The effects of neutralising antibodies for IL-4 and IL-

4 receptor on IL-5 production 

The effect of blocking free IL-4 or its membrane-expressed receptor with neutralising 

antibodies was compared with the degree of inhibition achieved with sIL-4R in seven-day 

cultures. Anti-IL-4 significantly blocked Der p-induced IL-5 synthesis (p<0.05), with mean 

inhibition of 61%, 69% and 75% at antibody concentrations of O.l, 1 and 10 flg/ml, 

respectively (Figure 3.4-8). Anti-IL-4R caused comparable, concentration-dependent 

inhibition of the Der p-induced IL-5 synthesis (p<0.05), with mean inhibition of 45%, 54% 

and 60% at concentrations of 0.1, 1 and 10 flg/ml, respectively (Figure 3.4-8). The extent of 

inhibition with blocking antibodies was not significantly different from that achieved with 

sIL-4R. 
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3.4.5 The effects of sIL-4R on the production of IFN-y 

The modulatory effects of sIL-4R were further assessed by measuring IFN-y production in 

seven-day cultures. Soluble IL-4R exerted a differential effect on Th2 and Thl cytokines at 

low concentrations; whilst it caused significant (p<O.05) inhibition of Der p-induced release 

of IL-5 at 1 J-lg/ml, it did not alter IFN-y production at the same concentration. Up-regulation 

of IFN-y concentration was observed only when sIL-4R was used at 10 J-lg/ml (Figure 3.4-9); 

this caused a mean 2.6-fold increase in IFN-y (p<O.05), (Figure 3.4-9). At this concentration 

sIL-4R caused a similar degree of inhibition of IL-5 and IL-13 (57.26% and 55.6%, 

respectively) (Figure 3.4-3, Figure 3.4-5, Figure 3.4-9). 

3.4.6The effects of sIL-4R on IL-12 synthesis 

Finally, I sought to elucidate whether the inhibition of IL-5 and IL-13 and the induction of 

IFN-y were due to IL-12 synthesis. There was significant variability in the amounts oflL-12 

produced, but overall there was no significant increase in IL-12 synthesis (Figure 3.4-9, 

Figure 3.4-10), suggesting that the neither the inhibition ofTh2 cytokines, nor the induction of 

IFN-y were due to induction of IL-12. 
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3.4.7 Kinetics of PBMC proliferation in response to 

allergen 

Der p, in addition to stimulating cytokine production, is able to induce cell proliferation and 

clonal expansion. Proliferation occurs both antigen-specifically and as a consequence of a 

bystander effect, by which non-allergen-specific cells proliferate in response to the cytokine 

and growth factors released in the milieu. 

To establish the extent and the time course of PBMC proliferation, PBMC from 18 subjects 

were cultured in the presence of Der p and then harvested after one, three, five and seven 

days. Allergen stimulated cells proliferated, reaching a peak at day five (p<0.01 compared to 

day one) (Figure 3.4-11). In contrast, no difference in proliferation was detected for medium 

stimulated cells. No difference was found between day five and day seven. 

3.4.8Effects of sIL-4R on allergen-induced PBMC 

proliferation 

IL-4 exerts powerful proliferative and antiapoptotic effects on target cells. One of the 

mechanisms by which sIL-4R could affect cytokine concentration in vitro is by inhibiting cell 

proliferation and promoting apoptosis. To test this hypothesis cells were stimulated with 

medium or Der p in the presence or absence of sIL-4R. I also compared the effects of sIL-4R 

on the Der p-induced proliferative response with those of the anti-IL-4 mAb. Der p at a 

concentration of 10.000 SQ units/ml was able to stimulate cell proliferation (Figure 3.4-11). A 

previous time-course study conducted on 24 asthmatic volunteers, showed that the optimal 

time point was day five or day seven (Figure 3.4-11). In this set of experiments, the addition 

of sIL-4 at the highest concentration (10 ~g/ml) that was effective at blocking IL-5 and IL-13 
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synthesis had no inhibitory effect on the proliferative responses of PBMC stimulated by Del' P 

in seven-day cultures (Figure 3.4-11). 

The different proliferative response induced by Der p is likely to reflect the different number 

of subjects in the two set of experiments (eight vs twenty-four) and the overall more severe 

disease exhibited by the subjects included in the time-course study. 
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3.5 DISCUSSION 

Optimal development of Th2 cells requires polarising conditions that include neutralisation of 

the Thl cytokine, IFN-y, and the addition of the Th2 cytokine, IL-4 (Abehsira-Amar et al. 

1992; Abbas et al. 1996). However, it has not been fully elucidated to what extent allergen

stimulated T-cells are dependent on IL-4 to generate other Th2-type cytokines that are 

relevant for allergic inflammation nor what the kinetics of any such involvement may be. In 

this study I have shown that IL-4 is centrally involved in the production of both IL-5 and IL-

13. Whilst 1L-4 is involved in the expansion of T lymphocytes, allergen-induced IL-13 and 

IL-5 synthesis is not entirely dependent on T-cell proliferation since the production of these 

cytokines was reduced by sIL-4R in the absence of any effect on PBMC proliferation. 

Significant inhibition of IL-5 and IL-13 could be achieved at concentrations of sIL-4R that 

did not result in significant IFN-y production, which rna y be a desirable effect as it reduces the 

risk of inducing Th I-type inflammation. These studies further strengthen the case for IL-4 as 

a target for therapeutic inhibition, with the end result being not only inhibition of IL-4 but also 

reduction of the down-stream actions of this cytokine. 

This study shows a slight difference in requirement for IL-4 for the production of IL-5 and IL-

13. The effects of sIL-4R on IL-5 synthesis after three days of culture were negligible and 

reached significance only at day seven. This would suggest that during the early stages of 

stimulation there are sufficient numbers of polarised Th2 type T cells that do not require IL-4 

to produce IL-5. This finds additional support in the fact that none of the IL-4 inhibitors, 

including anti-IL-4 and anti-IL-4R, could reduce IL-5 production to baseline levels that were 

seen in unstimulated cultures. 

In contrast to IL-5, 1L-13 production was significantly inhibited at both the three and seven

day time-points. Together with the finding that the concentration of 1L-13 induced by Der p in 
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the absence of sIL-4R correlated strongly and significantly with the relative reduction in IL-

13 in the presence sIL-4R, this suggests that IL-13 production by T cells is much more 

dependent on IL-4 than is the case with IL-5. 

Because inhibition of IL-5 is seen only after several days of culture, it probably involves 

polarization of T cells towards the Th2 phenotype as they proliferate. The study also suggests 

that the inhibition ofIL-5 or IL-13 by sIL-4R does not involve reduction ofT-ceIl survival or 

inhibition ofT-cell expansion as assessed by thymidine incorporation studies. 

The observed differential effect of sIL-4R on cytokine synthesis and proliferation of Del' P 

stimulated PBMC, could be due to various mechanisms. It is conceivable that sIL-4R had an 

important effect on STAT -6 pathway leading to cytokine suppression, whereas the 

proliferative cascade IRS-2/AtklPKC was relatively unaffected. It is also possible that other 

ILA independent pathways of cell growth and proliferation remain unaffected or even 

potentiated following IL-4 inhibition by sIL-4R. In particular, IL-l or STAT -5 dependent 

pathways could be involved in delivering an anti-apoptotoc signal. Therefore, although the 

overall effect of sIL-4R on proliferation was neutral, taking into consideration that the 

proliferative response reflected the whole population of PBMC rather than only Th2 cells, it is 

possible that analysis at single-cell level could reveal antiproliferative effects on IL-4-

producing cells. Other studies on leukaemic cells have shown that proliferative effects of IL-4 

can be uncoupled from cytokine secretion (Tuyt et al. 1995) although its molecular basis still 

remain to be fully elucidated. Whether the differential effects on cytokine secretion versus 

proliferation is a consequence of the mechanism of action of sIL-4R (binding IL-4 in solution 

rather than receptor antagonism of as in the case IL-4 muteins or anti-IL-4R antibodies), the 

type of cells targeted, the drug kinetic or the dose is not clear at present. 
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Inhibition of IL-5 and lL-13 synthesis was achieved at concentrations that were lower than 

those at which up-regulation of IFN-y was seen, and although there was a trend for IL-12 

synthesis to increase in the presence of sIL-4R, this never reached significance, suggesting 

that blockade of IL-4 does not involve IL-12 to any significant degree. 

There have been several attempts to develop therapeutic strategies that would alter the 

ThllTh2 imbalance that typifies allergic disease by enhancing Th1 or abrogating Th2 

responses to allergen. The Th I-enhancing therapies, such as administration of lL-12 (Bryan ef 

al. 2000) or IFN-y, (Boguniewicz et al. 1993) have been unsuccessful so far, even though IL-

12 caused a marked reduction in airway eosinophils, cells that have long been viewed as 

central in asthma (Bryan et al. 2000). Administration of anti-IL-5 antibodies has also been 

unsuccessful in clinical trials despite the fact that single-dose administration resulted in 

abolition of the eosinophil influx into the airways after allergen challenge (Leckie ef al. 2000). 

Several approaches to IL-4 antagonism (Tournoy et al. 2002) have been considered, including 

(a) neutralisation with anti-IL4 antibodies, (Finkelman et a!. 1988; Renz et a!. 1996), (b) use 

of antibodies directed against the lL-4 receptor a chain on cell surfaces, (c) lL-4 mutant 

proteins such as the double-mutein (Shanafelt et a!. 1998; Srivannaboon et al. 2001) and (d) 

sIL-4R (Borish et a!. 1999; Borish et al. 2001). In mice, anti-lL-4 monoclonal antibody 

treatment prior to allergic sensitisation markedly reduced IgE synthesis, but did not 

necessarily inhibit airway eosinophilia (Corry et al. 1996). The IL-4 double mutein was 

successful in murine (Tomkinson et al. 2001) and primate models of asthma (R. Gundel, W. 

Sebald et a!., unpublished observations) (Mueller et a!. 2002) but, its development as a 

treatment of asthma has been abandoned. The approach which offered most hope was that 

using sIL-4R. In murine studies, slL-4R, administered either intranasally or intraperitoneally 

before ovalbumin challenge in OVA-sensitised mice, significantly reduced allergen-specific 
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IgE responses, eosinophil accumulation and mucus hypersecretion (Henderson et af. 2000). 

In early clinical trials, involving 12 once-weekly nebulisations of sIL-4R, sudden and 

complete withdrawal of inhaled corticosteroids was possible without any deterioration 111 

clinical activity of asthma (Borish et af. 1999; Borish et af. 2001). 

The in vitro efficacy demonstrated in this study raises the question of why antagonism of IL-4 

has shown mixed results in various allergic asthma clinical trial settings. In the case of sIL-

4R, one possible explanation is insufficient availability of the molecule at sites where T cell 

polarization and expansion occurs. Studies have shown that these occur in regional (lung) 

lymph nodes in animal models of asthma, (Holt et af. 1991) and although the observations in 

animals cannot be directly extrapolated to human disease, it is possible that administration of 

sIL-4R via the inhaled route did not result in sufficient concentrations in lymph nodes. 

Recombinant soluble 1L-4 receptor (sIL-4R) has the same affinity for IL-4 as the cell

surface receptor; (Jacobs et af. 1993); thus, it has the potential to bind and sequestrate free 

IL-4 in competition with the cell surface receptor. However, this study has shown important 

differences when attempting to block 1L-4: whilst sIL-4 had no effect on allergen-induced 

proliferation of T cells, the antibody against IL-4 itself was able to completely inhibit 

proliferation, and the degree of inhibition of IL-5 synthesis was similar for both. This 

observation is in keeping with what is known about the affinities of antibodies relative to 

soluble receptors and would suggest that inhibition by neutralising antibody may be 

therapeutically more effective that that with sIL-4R. 

In this study I have tested the possibility of inhibiting allergen-induced Th2 cytokine response 

in vitro using a soluble form of IL-4 receptor which has a good safety profile in humans and 

been shown to have the same affmity for 1L-4 as the membrane-bound receptor. Using this 

strategy I have demonstrated that sIL-4R is indeed a specific inhibitor of IL-4 and it is able to 
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inhibit IL-5 and IL-13 synthesis with similar efficacy as antibodies to IL-4 and surface

expressed IL-4R. In particular, sIL-4R at low dose caused significant inhibition of IL-5 and 

Ilr 13 without upregulating IFN-y response, whereas at high concentrations, sIL-4R caused 

together with a further inhibition oflL-5 and IL-13 a significant increase in IFN-y. 

In contrast to the data observed at day seven, the effects of sIL-4R on Ilr5 synthesis after 

three day culture were negligible, whereas IL-13 production showed significant inhibition. 

This would suggest that the allergen-inducible component of IL-5, although dependent on IL-

4, is regulated by additional inflammatory mediators or altematively, PBMC isolated from 

atopics contain a proportion of highly polarised T cells that no longer require IL-4 for IL-5 

synthesis. This seems further confirmed by the studies using blocking antibodies for Ilr4 and 

IL-4R, where, despite high concentrations of either antibodies, the levels of IL-5 (and also IL-

13) failed to retum to baseline (unstimulated levels). 

However, when I analysed the proportion ofIL-5 and IL-13 that was IL-4 dependent, I could 

demonstrate a strong correlation between allergen-induced IL-13 concentration and the extent 

of inhibition caused by sIL-4R, In contrast no correlation between the baseline concentration 

and the relative change in IL-5 post sIL-4R was found. Taken together these results suggest 

that IL-13 synthesis is more tightly controlled than IL-5 by the concentration of 'free' IL-4. 

The mounting evidence for Th2 cell activation in allergic asthma suggests down-regulation or 

ablation of the Th2 response to be an appropriate aim in treating asthma and allergic 

disorders. However, such strategies can cause potentially harmful consequences such as those 

allowing a Th1 dominated immune activation in response to antigens leading to Th1-mediated 

autoimmune diseases. Furthermore, Th1 cells may contribute to asthmatic inflammation as 

shown by adoptive transfer studies in mice that demonstrate that the passive transfer of Th1 
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and Th2 cells enhances tissue eosinophilia in the airways of sensitised mice compared to 

when Th2 cells alone were administered (Hansen et af. 1999). Although other studies in mice 

did not confirm these results, (Huang et af. 2001) there is always the possibility that systemic 

inhibition ofTh2 cells and increased concentration IFN-y produced by Th1 cells may activate 

the production of pro-inflanm1atory cytokines and chemokines. It is not known whether slL-

4R down-regulates Th2 response to allergen simply by reducing the concentration of 'free' 

IL-4 available to activate the IL-4R, or if the reduction of Th2 cytokines is also caused by a 

secondary change in T-cell phenotype (or APC/T-cell interaction) induced by sIL-4R, which 

reflects the transition from a polarised Th2 type to a cell phenotype with regulatory properties. 

The results of this study show the interesting differential effect that s1L-4 R exerts on IFN-y 

production. At low concentration sIL4R did not alter IFN-y production. Up-regulation of 

IFN-y concentration was observed only when sIL-4R was used at the concentration 10-fold 

greater to the one able to induce a sub-maximal down-regulation oflL-5 and IL-13. 

In conclusion, this study shows that 1L-5 and IL-13 synthesis as well as T lymphocyte 

proliferation in response to stimulation with allergen involves IL-4. The efficacy of s1L-4 is 

similar to that of blocking antibodies against IL-4 or its cell-surface receptor in respect of 

cytokine production but is weaker than anti-IL-4 at inhibiting expansion of T cells. 

Targeting IL-4 has a greater therapeutic potential than targeting IL-5 or IL-13 alone because 

this treatment can inhibit not only IL-4 but also IL-5 and IL-13. 

Other atopic disorders such as allergic rhinitis and atopic dermatitis are thought to be 

mediated by IL-4 and might also respond to IL-4 blockade with sIL-4R therapy. The present 

study shows that sIL-4R is able to down-regulate allergen-induced Th2 response in vitro 

without inducing a potentially harmful Th 1 response. 
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4.1 INTRODUCTION 

The non-pathogenic mycobacterium, M vaccae, has been proposed for the prevention and 

therapy of allergic diseases (Rook et al. 1998). Mycobacterium vaccae is one of about 60 

named species within the genus Mycobacterium and is one of a number of rapidly growing, 

yellow pigmented mycobacteria that normally occur as environmental saprophytes. Based on 

the 'hygiene hypothesis', bacterial products and non-pathogenic bacteria including M vaccae 

have been employed as immunotherapeutic agents in studies aimed at preventing or treating 

atopic diseases such as asthma, rhinitis and dermatitis (Beasley et al. 2002; Walker ef al. 

2003). 

In view of the accumulating evidence from animal studies and emerging evidence of the 

efficacy in the treatment of allergic dermatitis (Wang et al. 1998; Hopfenspirger et al. 2001; 

Hopfenspirger et al. 2002; Zuany-Amorim et al. 2002; Zuany-Amorim et al. 2002; Ozdemir 

et al. 2003), 1 have sought evidence that M vaccae might be effective at altering the way the 

immune system of mild asthmatics responds to allergen. 

1 have tested the hypothesis that induction of an immune response to a non-pathogenic 

mycobacterial species, Mycobacterium vaccae can attenuate asthmatic reactions which occur 

following allergen challenge in patients with mild to moderate asthma. 1 have further 

hypothesised that M vaccae may be able to reduce Th2-responses in established chronic adult 

asthma. In addition to testing the effect on the magnitude of the airways response, 1 have 

investigated the ability of M vaccae to reduce inflammatory mediators in the induced sputum, 

serum 19B levels and to down-regulate allergen-induced in vitro synthesis of lL-5 by 

peripheral blood mononuclear cells (PBMC). 
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4.2 METHODS 

4.2.1 Subjects 

Twenty-four atopic asthmatics (mean age 34 years, range 20-53 years) with mild to moderate 

disease were recruited. All the subjects demonstrated an early airway response (EAR) and a 

late airway response (LAR). The subjects either had mild asthma (n=15), requiring only 

inhaled Pragonists, or moderately severe asthma (n=9), requiring treatment with low to 

moderate doses of inhaled corticosteroids «600 Jlg of beclomethasone dipropionate or 

equivalent per day). 

The study was approved by the Southampton University and Hospitals Ethics Committee and 

subjects gave their written informed consent. 

4.2.1.1 Inclusion Criteria 

• Study subjects were eligible for the study if they satisfied the following criteria: 

• Male aged 18 to 55 years. 

• History of mild to moderate, well-controlled asthma. 

• Documented early airway response (EAR) to allergen challenge, defined as a decrease in 

FEY] of at least 25% compared to baseline within 15 minutes of allergen inhalation; and 

late airway response (LAR), defined as a decrease in FEY] of at least 15% compared to 

baseline occurring between three and eight hours after allergen inhalation. 

• 

• 

Presence of non-specific bronchial hyperresponsiveness indicated by a PCzo FEY] of not 

less than 0.5 mg/ml and not more than 16 mg/ml in a histamine challenge test. 

Blood pressure and heart rate considered to be clinically normal. 
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• Body weight within ± 15% of ideal body weight. 

• Provision of written infom1ed consent to participate as shown by the patient's signature 

on the Patient Consent Form. 

4.2.1.2 Exclusion Criteria 

• Women were excluded from the study. Patients were ineligible for the study if they met 

one or more of the following criteria: 

• The use of systemic corticosteroids for asthma within the last six months. 

• The use of high dose inhaled steroids (more than 600 Ilg beclomethasone by inhalation or 

equivalent) within the previous six months. 

• FEV1 less than 70% predicted. 

• History of a cold or other respiratory tract infection within 14 days prior to screening. 

• A need for prescription medication within 14 days of entry into study (screening), other 

than asthma medications. 

• History of serious adverse reaction or hypersensitivity to any drug, or anaphylaxis to 

allergen. 

• Administration of any investigational drug within three months prior to entry into the 

study. 

• Existence of any surgical or medical condition which, in the judgement of the 

Investigator, might interfere with the absorption, distribution, metabolism or excretion of 

the vaccine or the performance of this study. 

• Inability to communicate or cooperate with the investigator due to language problems, 

poor mental development or impaired cerebral function. 

154 



• Objection by the patient's General Practitioner to their patient's participation in the study. 

• History of tobacco smoking during the previous 12 months. 

• History of alcoholism or drug abuse. 

• No clinically important abnoffi1al physical findings other than those associated with mild 

to moderate asthma and allergic rhinitis. 

4.2.1.3 Study design 

This was a randomised, placebo-controlled, parallel group Phase I study. Twenty-four patients 

with mild and moderate asthma were randomised to receive a single dose of a M vaccae 

preparation SRLI72 (n=12) or a placebo (n=12). The study objective was to assess the effect 

of immunotherapy of SRL172 on allergen-induced bronchoconstriction and BHR to 

histamine. Three main aspects of allergic response were assessed: the early airway response 

(EAR), late airway response (LAR) and the bronchial hyperresponsiveness (BHR). 

Furthermore, I assessed the effects of M vaccae on sputum cellularity and Eosinophil cationic 

protein (ECP) and tryptase, serum IgE levels and in vUra allergen-induced IL-5 production 

and proliferation by PBMC of the study subjects. Subjects attended the department on nine 

occasions (Table 4.2-1). At the first screening visit, a medical history was taken, and a full 

physical examination, dental examination, routine haematological and biochemical tests, 

urinalysis and skin-prick tests were perfoffi1ed. In addition, baseline responsiveness to 

histamine was measured. After a run-in period of 28 days, during which disease activity was 

recorded in diary cards in order to assess stability, the first allergen challenge was performed 

at visit 2 using an incremental-dose challenge protocoL The following day (visit three) 

subjects returned for histamine challenge to assess any change in responsiveness secondary to 
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allergen challenge. Two weeks later (visit four) blood was drawn for the first in a series of 

three PBMC cultures and serum IgE measurements. Subjects then received an intradennal 

injection of 0.1 ml (1 mg) of SRLI72 or placebo into the lateral aspect of the deltoid muscle 

region on the left ann. This dose was decided based on equivalence of dose obtained from 

animal studies and previous studies on tuberculosis (Prof. Stanford and Prof. Rook). After 

three days they returned to the department in order to record any local reaction (visit five). 

Eighteen days after injection (visit six), haematology and biochemistry blood tests, urinalysis 

and serum IgE measurement were repeated. At visit seven (three weeks after injection), a 

second blood sample was taken for PBMC culture and the allergen challenge was repeated. 

This was followed by a histamine challenge the next day (visit eight). Subjects were followed

up until 42 days post-injection (visit nine) when a full medical examination was conducted, a 

third blood sample was taken for serum IgE measurement, PBMC culture, haematology and 

biochemistry, and urinalysis was perfonned (Table 4.2-1). The timing of allergen challenge, 

sputum induction and immunological studies were arbitrarily established based on the 

supposed immunomodulatory mechanisms of M vaccae. 

In order to avoid observer bias the study medication was prepared by a phannacist at 

Southampton General Hospital and injections were administered by a physician blinded to the 

study. Furthennore, the site of injection was concealed from other investigators with a 

bandage, and inspected by a physician external to the study. Adverse events and local 

complications were assessed and reported by the same physician. 

Patients completed screening assessments within 28 days of admission to the study to 

establish their fitness to participate in the study and to provide written infonned consent. The 

General Practitioner of each patient was infonned in writing about the proposed participation 

ofhislher patient in this study. 
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ASSESSMENTS Screening phase Treatment phase 

Visit 1 2 3 4 5 6 7 8 9 

Day -28to-15 -14 -13 0 +2 +18 +21 +22 +42 

Patient written infonned consent ./ 

Inclusion/exclusion criteria ./ ./ ./ ./ 

Patient demography ./ 

Medical history ./ 

Physical and clinical assessment ./ ./ 

Dental examination ./ ./ 

Blood - haematologyibiochemistry ./ ./ 

Urinalysis ./ ./ 

PBMC culture + 19E levels ./ ./ ./ 

Skin prick test ./ 

Allergen challenge ./ ./ 

Histamine challenge ./ ./ ./ 

Pulmonary function ./ ./ ./ ./ ./ ./ ./ 

Blood - immunology/cytokines ./ ./ ./ 

Sputum induction ./ ./ ./ 

Randomisation ./ 

Injection of SRL 172 ./ 

Injection site inspection ./ 

Concomitant medication / therapy ./ ./ ./ ./ ./ ./ ./ ./ ./ 

Adverse experiences reporting ./ ./ ./ ./ ./ ./ ./ ./ 

TABLE 4.2-1: Stucfy Checklist 
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The following procedures were performed during screening visits and recorded in the Case 

Report Form: 

4.2.1.3.1 Medical HistOlY 

A full medical history and demographic data were recorded for each patient. This included the 

recording of a history of asthma and allergy, including onset, duration, known allergens 

(including medicines), other precipitating factors and family history. All patients had a dental 

examination for peridontal disease activity at Visit one. This was repeated at Visit nine to 

verify any change in peridontal disease activity. 

4.2.1.3.2 LaboratOlY Investigations 

Laboratory investigations included haematology, serum biochemistry and urinalysis. 

Biochemistry and haematology results are presented in Appendix 4. 

4.2.1.3.3 Allergen Sensitivity (shn-prick test) 

Allergen sensitivity was determined by skin-prick testing using several approved allergen 

extracts and following the labelled procedures as described in 2.2.5. Wheal size for each 

allergen in both groups is summarised in Table 1 of Appendix 1. 

4.2.1.3.4 Lung Function 

Forced expiratory volume in one second (FEVl) was measured in triplicate and the largest 

value used for comparisons as described in 2.2.1. 

158 



4.2.1.3.5 Measurement of Bronchial Responsiveness to Histamine 

Patients underwent a histamine challenge test in the morning to document the presence of 

acceptable ventilatory function and non-specific bronchial hyperresponsiveness as described 

in 2.2.2. 

4.2.1.3.6 Allergen Inhalation Challenge 

On a separate screening day at least two weeks before dosing, patients underwent an allergen 

inhalation challenge test to document the presence and magnitude of an EAR and LAR. 

Inhalation challenge was performed using an allergen dose that produced a wheal of at least 

5 mm x 5 mm in the skin test and correlated with clinical history. After challenge, patients 

received nebulised salbutamol to achieve maximum bronchodilatation and abort a protracted 

LAR. Allergen challenge was performed as described in 2.2.3. 

4.2.1.3.7 Repeat Histamine Challenge 24 hours Post-Allergen Challenge 

The histamine challenge test was repeated at 24 hours ± 2 hours post allergen challenge in 

order to determine the presence and magnitude of any allergen-induced increase in bronchial 

hyperresponsiveness to histamine. 

4.2.1.3.8 Concomitant Medications 

Prescription medication, other than that required for asthma control, was not permitted for 14 

days before the screening phase of the study and for 14 days before the treatment phase of the 

study (any concomitant medications taken during throughout the study were recorded). 
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FIGURE 4.2-1: M. Vaccae (SRLI72): Study desl";!.11 

In addition, over-the-counter medications were not permitted for a period of 72 hours prior to 

administration of the injection, except paracetamol (for minor analgesia), up to 24 hours 

before injection at the discretion of the investigator. If other medication was required, the 

name, strength, frequency of dosing and reason for use were documented. 

Bronchodilators were not administered for the symptomatic relief of minor decreases in 

pulmonary function. In particular, bronchodilators were not administered within six hours of 

the start of the allergen or histamine challenges. 

Patients were allowed to continue use of inhaled steroids if they had been on a stable low 

maintenance dose (specifically, not more than 600 /lg beclomethasone or equivalent per day 

by inhalation) for at least one month, but use was discontinued for at least five days prior to 

each allergen challenge. 
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4.2.1.4 Allergen and histamine inhalation challenge 

Allergen challenge was perfornled as described in 2.2.3. 

4.2.1.5 In vitro IL-5 responses to allergen 

Twenty millilitres of heparinised venous blood was collected from each study subject before 

and after M vaccae/placebo administration respectively at visits two, seven and nine (Figure 

4.2-1). PBMC were isolated by Ficoll-Hypaque gradient centrifugation as described in 2.2.6.1 

and 2.2.6.2. 

4.2.1.6 Serum IgE 

Total serum IgE was measured by the Regional Immunology Laboratory, Southampton 

General Hospital by enzyme-linked immunosorbent assay (ELISA) using a monoclonal anti

IgE antibody developed in-house and a commercially available antibody (Dako, High 

Wycombe, UK). 

4.2.1. 7 Proliferation Assay 

Proliferation ofPBMC before and after treatment was performed as described in 2.2.6.4. 

4.2.1.8 Spu tum induction and processing 

Sputum induction and processing was performed as described in 2.2.4. 
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4.2.1.9 Statistical analysis 

The principal outcome variables were: maXImum % falls in FE V) during the first 2 h 

following allergen challenge (EAR) and between three and eight h following allergen 

challenge (LAR), and changes in histamine responsiveness 24 h following allergen challenge. 

The changes in FEV) were also expressed as areas under the curve (AUC) for the EAR and 

LAR. The AUC was calculated using trapezoid integration as the area between the curve and 

the x-axis and divided by the duration (first two hours for the EAR and three to eight h for the 

LAR) over which the AUC was calculated. Comparisons of changes in maximum % falls in 

FEV), AUC for the EAR and LAR, and PCzo as a result of treatment with SRLl72 or placebo 

were performed using formal analysis of variance models (ANOVA). Within-group changes 

in the same were made by paired Student's t test. The changes during the course of the study 

in IL-5 production in vitro and serum 19E levels relative to the first measurement were 

expressed as AUC by trapezoid integration of the percentage change at the three time-points. 

The AUC in the two treatment arms were then compared by Mann-Whitney U test, assuming 

a non-normal distribution. The changes in 19E levels and 1L-5 synthesis in the two treatment 

groups were also compared using the Fisher's exact test. 

Sputum and proliferation data were analysed for normality of distribution prior to statistical 

analysis. Differences between groups were analysed with unpaired t-test. 

Correlation between the area of the wheal to Der p on skin-prick test and PBMC proliferation 

was analysed by Pearson's test. 
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4.3 RESULTS 

4.3.1 Patient demographics 

Twenty-four patients completed the study; Table 4.3-1 shows their baseline demographics and 

lung function data. Table 4.3-2 shows a summary of the past medical history of the two 

groups of subjects. The two groups of patients were well matched. Although more patients 

with asthma of moderate severity and therefore on inhaled corticosteroids were assigned to 

the placebo group, the baseline lung function and responsiveness to histamine was similar 

between the two groups. 

M. vaccae Placebo 
(n=12) (n=12) 

Age (years), Mean [range] 
33.7 [20-51] 35.8 [21-53] 

Male gender 12 (100%) 12 (100%) 

White ethnicity 12 (100%) 12 (100%) 

Smoker previous year 0(0%) 0(0%) 

Smokers prior to last year 2 (17%) 2 (17%) 

Alcohol consumption (Units/week) [range] 9 [2-24] 11.1 [0-30] 

Time since diagnosis, years 
Mean [Range] 21.6 [10-45] 22.5 [2-44] 

Family history of asthma 9 (75%) 7 (58%) 

Asthma severity 
-Mild 9 (75 %) 6 (50%) 
- Moderate 3 (25 %) 6 (50%) 

Subjects on inhaled corticosteroids 3 (25%) 6 (50%) 
Previous treatment for TB 0(0%) 0(0%) 
Tuberculin Test 7 (58%) 9 (75%) 
BCG scar 11 (92%) 11 (92%) 
FEV1 (% predicted) 
Mean± SD 92% ± 10% 92%± 12% 

Baseline PC20 Histamine (mg/ml) 1.17 1.82 
Geometric mean [Range] [0.65-2.69] [0.35-13.63] 

TABLE 4.3-1: Baseline characteristics if the patients 
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M. vaccae Placebo 

(n=12) (n=12) 

Ears, Nose, Throat 1 (8%) 2 (17%) 

Respiratory (other than asthma) 0(0%) 2 (17%) 

Cardiovascular 0(0%) 0(0%) 

Gastrointestinal 1 (8%) 1(8%) 

Genitourinary 1 (8%) 1 (8%) 

Musculoskeletal 0(0%) 0(0%) 

Neurological 0(0%) 1 (8%) 

Endocrine-metabolic 0(0%) 0(0%) 

Haematological 0(0%) 0(0%) 

Dermatological 0(0%) 1 (8%) 

Dental Health 0(0%) 1 (8%) 

Psychological 0(0%) 0(0%) 

TABLE 4.3-2: Summary rfpast medical histoIJ' 

4.3.2 Safety and side effects 

Treatment was well tolerated by all subjects. No significant side effects were reported. 

Similarly, no significant changes were found in the laboratory data. Tables with reported 

adverse effects and laboratory data throughout the study are presented in Appendix 3. 

4.3.3 Baseline airways responses 

At baseline all randomised subjects developed both an EAR and LAR following allergen 

challenge. 
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4.2.3.1 Late asthmatic response (LAR) 

During the LAR, the mean [range] maximum fall in FEY1 was 35.8% [16.5-66.7%] in 

subjects receiving SRLI72 and 29.5% [16.9-39.4%] in subjects receiving placebo (Figure 

4.3-1, Figure 4.3-2). When taking into account the average FEY1 between three and eight 

hours post-allergen challenge (AUC3-S)), the mean [range] AUC3-8 was 35.8 [16.5-66.7] for the 

SRLl72 group and 29.5 [16.9-39.4] for the placebo group. 

4.2.3.2 Early asthmatic response (EAR) 

The mean [range] maximum fall in FEY1 during the EAR were 33.0% [20.6-50.6%] and 

33.0% [20.6-42.7] in the SRLI72 and placebo groups, respectively. 

Similarly, the mean [range] area under the curve in the first two hours (AUCO-2), representing 

the EAR, was of 13.6 [3.4-25.4] and 12.6 [23.6-3.4] respectively for SRL172 and placebo. 

4.2.3.3 Bronchial hyperresponsiveness to histamine 

Baseline geometric mean [SD] PC20 histamine, although lower in the subjects treated with 

SRLI72 (1.32 [0.7] mg/ml) when compared to those receiving placebo (3.34 [4.2] mg/ml) 

was not significantly different (p=0.23) (Figure 4.3-1, Figure 4.3-2). 
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4.3.4 Effects of treatment on airway responses to allergen 

challenge 

4.3.4.1 Late asthmatic response (LAR)-All patients 

Treatment with SRLI72 caused a significant (p=0.005) reduction in the maximum fall in 

FEVI during the LAR from a mean [range] of 35.8% [16.5-66.7%] before treatment to 26.7 

% [3.6-60.6%] after injection of SRLI72 (a mean relative reduction of 25.4%), ( 

Table 4.3-5, Figure 4.3-1, Figure 4.3-2). Similarly, the Aue of the % fall in FEVI was 

reduced significantly (p=0.02) from 19.4 (5.8-41.4) to 12.8 [0.4-39.1] (a mean relative 

reduction of 34%), ( 

Table 4.3-5, Figure 4.3-1, Figure 4.3-2). In contrast, in the subjects receiving placebo there 

was no significant change in the maximum % fall in either FEVI or Aue of the LAR. When 

comparing the magnitude of changes in the groups of subjects receiving SRLI72 and those 

receiving placebo by ANOV A, the active group shows an average improvement of 6.6 % in 

AAUe after treatment compared to slightly worse (-1.03) in the placebo group. The 

estimated difference between treatment groups is 7.62% with the 95% confidence interval 

showing the difference between the active and placebo groups between -0.48 to 15.7%. The 

effect on the Aue during LAR failed to reach significance (p=0.06). Similarly, the estimated 

difference in maximum fall of FE VI between the two treatment groups was 7.34% (95% el, -

2.2 to 12.9), which was statistically not significant (Figure 4.3-1, Figure 4.3-2, 

Table 4.3-5). Of note, there was a greater inter-subject variability in the FEVI during the 

second allergen challenge in both treatment groups. The mechanism is not clear, but could be 

due to the effects of the previous allergen challenge or could reflect the fact that for the 

second allergen challenge both groups had been off inhaled steroids for a longer period 

compared to the first allergen challenge. No distinguishable groups of responders and non-
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responsers was identified. Allergen challenge curves for each patient are shown in Appendix 

2. 

M. vaccae Placebo 

(SRLl72) 

Time Visit 2 Visit 7 Visit 2 Visit 7 

FEV1 Mean (SD) FEVjMean (SD) FEVjMean (SD) FEVjMean (SD) 

[range] [range] 

Baseline 3.6 (0.5) 3.5 (0.5) 

[2.S-4.4] [2.6-4.3] 

20 min 2.4(0.5) 2.S (0.4) 

[1.6-3.2] [1.S-3.3] 

30 min 2.7(0.4) 2.9 (0.5) 

[1.7-3.2] [1.9-3.6] 

45 min 2.9 (0.5) 3.1 (0.5) 

[1.9-3.6] [2.2-3.S] 

60 min 3.1 (0.5) 3.3 (0.5) 

[2.0-3.6] [2.3-4.1] 

90 min 3.4 (0.6) 3.4 (0.5) 

[2.4-4.2] [2.6-4.1 ] 

2h 3.5 (0.6) 3.5 (0.6) 

[2.4-4.4] [2.6-4.3] 

3h 3.5 (0.6) 3.6 (0.6) 

[2.3-4.3] [2.7-4.3] 

3.5 h 3.3 (0.6) 3.5 (0.6) 

[2.6-4.2] [2.7-4.5] 

4h 3.2 (0.7) 3.3 (0.7) 

[2.3-4.1] [2.2-4.3] 

4.5 h 3.1 (0.6) 3.2 (0.7) 

[2.2-3.9] [1.9-4.2] 

5h 3.0 (0.5) 3.2 (0.7) 

[2.0-3.S] [1.8-4.2] 

5.5 h 2.9 (0.6) 3.1 (O.S) 

[1.9-3.7] [1.S-4.1] 

6h 2.8 (0.6) 2.9 (O.S) 

[1.S-3.S] [1.6-4.0] 

6.5 h 2.S (0.6) 2.S (0.7) 

[1.9-4.0] [1.4-4.1 ] 

7h 2.6 (0.6) 2.9 (0.7) 

[1.S-3.6] [2.1-4.0] 

7.5 h 2.6 (0.5) 2.9 (0.7) 

[1.6-3.6] [2.0-4.0] 

Sh 2.5 (0.6) 2.9 (O.S) 

[1.7-3.5] [1.9-4.2] 

TABLE 4.3-3: SU1JJmary if Allergen challenge data cifter 25% fall in FEV/. 
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[range] [range] 

3.5 (O.S) 3.5 (0.9) 

[2.3-4.7] [2.2-5.1 ] 

2.4 (0.6) 2.7 (0.9) 

[1.4-3.5] [1.6-4.2] 

2.6 (0.7) 2.9 (0.9) 

[1.4-3.5] [1.S-4.2] 

2.9 (0.9) 3.1 (1.0) 

[1.5-4.3] [1.7-4.4] 

3.06 (O.S) 3.2 (0.9) 

[1.6-4.5] [1.6-4.5] 

3.3 (O.S) 3.4 (1.0) 

[1.9-4.4] [1.S-4.9] 

3.4 (O.S) 3.5 (1.0) 

[2.1-4.5] [2.0-5.0] 

3.4 (0.9) 3.5 (1.0) 

[2.1-4.5] [1.9-4.9] 

3.3 (O.S) 3.3 (1.0) 

[2.0-4.7] [1.6-4.S] 

3.3 (0.7) 3.2 (0.9) 

[2.1-4.4] [ 1.5-4.6] 

3.2 (O.S) 3.2 (1.0) 

[1.S-4.5] [1.5-4.7] 

3.1 (O.S) 2.9 (0.8) 

[2.1-4.7] [1.5-4.3] 

2.9 (0.6) 3.0 (0.9) 

[1.S-4.1 ] [ 1.4-4.5] 

3.0 (O.S) 3.0 (1.0) 

[1.S-4.4] [1.4-4.9] 

2.9 (0.9) 2.9 (1.0) 

[1.6-4.6] [1.3-4.7] 

2.S (O.S) 2.S (1.0) 

[1.S-4.7] [1.2-4.S] 

2.7 (O.S) 2.S (1.0) 

[1.5-4.6] [1.3-4.7] 

2.7 (0.8) 2.S (1.0) 

[1.4-4.6] [1.3-4.6] 



M. vaccae Placebo 
(SRLl72) 

Time Visit 2 Visit 7 Visit 2 Visit 7 
FEV1 Mean (SD) FEV1 Mean FEV1Mean (SD) FEVIMean 

[range] (SD) [range] (SD) 
[range] [range] 

Baseline 3.6 (O.S) 3.S (O.S) 3.S (0.8) 3.S (0.9) 
r2.8-4.41 r2.6-4.31 r2.3-4.71 . [2.2-S.11 

20 min -23.9(10.0) -21.8 (8.8) -32.2 (8.2) -24.1 (9.S) 
[-19.1 to -SO.61 [-6.7 to -38.41 [-16.S to -42.71 [-4.33 to -39.41 

30 min -24.8(9.0) -17.2 (9.2) -2S.2 (8.7) -17.S (8.6) 
[-13.3 to - 39.6] [-3.7 to - 34.1] [-9.3 to - 39.6] [-S.l to - 32.91 

4S min -19.7 (10.0) -12.4 (9.0) -17.9 (11.2) -13.l (7.7) 
[-3.2 to -36.31 [0 to -33.S1 [-S.S to - 36.31 [0.91 to - 27.71 

60 min -14.9 (6.8) -7.04 (8.1) -12.8 (9.6) -9.8 (7.0) 
[-4.6 to -29.6] [4.0 to -23.S] [-2.2 to - 27.6] [0.3 to - 2S.8] 

90 min -7.0 (S.1) -3.3 (S.8) -6.1 (6.S3) -2.3 (7.8) 
[4.3 to -14.61 [S.O to -16.91 [3.6to-17.81 [11.3to-19.S1 

2h -4.7 (S.4) -1.2 (S.9) -3.8 (7.3) -2.l(6.8) 
[S.7 to -IS.7] [7.S to -14.6] [13.4 to -11.7] [7.6 to -16.6] 

3h -3.l (7.3) 1.23 (4.S) -2.28 (8.1) -0.3S (9.8) 
[11.7to-19.3] [9.2 to -9.S] [IS.9 to -IS.8] [19.3 to-lS.4] 

3.S h -8.S (10.2) -2.1 (8.S) -6.0 (8.1) -S.2 (11.0) 
[S.7 to -29.3] [8.0 to -16.2] [8.2 to -18.6] [13.6 to -27.2] 

4h -13.1 (10.4) -S.8 (13.7) -S.7 (7.9) -9.0 (10.2) 
[0.3 to -36.6] [12.9 to -33.6] [13.1 to -16.7] [S.4 to -31.2] 

4.S h -lS.S (10.8) -9.8 (13.9) -8.2 (8.7) -10.3 (12.S) 
[-0.3 to -40.1] [3.8 to -44.9] [7.7 to -19.2] [3.S to -33.9] 

Sh -16.7 (11.9) -8.7 (1S.8) -11.1 (10.4) -lS.6 (12.1) 
[0.8 to -47.21 rI8.6 to -47.01 [S.7 to -33.61 r1.9 to -33.11 

S.S h -20.3 (11.S) -13.4 (16.2) -lS.3 (10.2) -14.0 (13.0) 
[-6.0 to -47.7] [7.9 to -48.4] [6.9 to -31.6] [1.4 to -38.01 

6h -22.l (14.l) -17.6 (1S.7) -14.2 (10.2) -IS.S (1l.2) 
[4.3 to -S1.01 [-2.2 to -S2.S1 [3.1 to -31.91 [-l.8 to-3S.81 

6.S h -23.0 (12.6) -2l.8 (17.2) -17.4 (11.S) -17.902.6) 
r-S.O to -49.3] [-0.27 to -60.6] [l.8 to -37.8] [3.9 to -4l.6] 

7h -27.8 (1l.0) -17.6 (10.S) -19.3 (13.2) -20.7 (13.7) 
[-12.9 to -S2.61 [-l.9 to -34.71 [4.8 to -30.81 [2.9 to -43.91 

7.S h -28.8 (8.1) -19.6 (10.7) -21.3 (13.8) -21.2 (13.0) 
[-13.9 to -44.S] [-3.6 to -37.0] [3.8 to -3S.0] [-1.6 to -44.8] 

8h -30.2 (11.9) -18.4 (12.2) -21.3 (1S.3) -21.0 (12.2) 
[-lS.7 to -48.8] [0.7 to -38.61 [2.4 to -39.41 [-0.3 to -39.S1 

TABLE 4.3-4: Summary of changes from baseline in allergen challenge data qfter 25% fall in FEVt• 
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M. vaccae Placebo p 
(SRL172) 

(0=12) (0=12) 
Pre-intervention (Visit 2) -19.4(9.4) -13.0 (7.0) 

[-5.8 to - 41.4] r -2.0 to -22.21 
AAUC FEV]. mean Post-intervention (Visit 7) -12.8 (12.0) -14.0 (9.5) 
% change from r -0.4 to - 39.11 rO.O to - 35.5] 
baseline (SD) [range] Change (visit 7 - Visit 2) p=0.02 p>0.05 

Treatment difference 7.6 p=0.06 
Mean (95% Cl) (-0.5 to 15.7) 
Pre-intervention (Visit 2) -35.8 (14.1) -29.5 (8.2) 

r -16.5 to - 66.71 r -16.9 to -39.41 
Maximum fall FEV 1, Post-intervention (Visit 7) -26.7 (14.8) -27.6 (11.4) 
mean % change from r -3.6 to -60.61 r -28.9 to -44.81 
baseline (SD) [range] Change (visit 7 - Visit 2) p=0.005 p>0.05 

Treatment difference 7.3 p>0.05 
Mean (95% CI) (-2.2 to 16.8) 

TABLE 4.3-5: Effects ofM. vaccae (S'RLI72) on allergen induced late asthJJlatic re.rponse (I.AR). 

4.3.4.1.1 Patients with mild asthma 

In the subgroup of patients with mild asthma, Mvaccae caused a mean 47.2% relative 

reduction in the AUC of the LAR (p=0.026) (Table 4.3-6). However, as in the analysis 

including all patients, the estimated absolute difference between treatment groups did not 

achieve statistical significance (7.1 %; 95% CI -2.54 to 16.7%), (Table 4.3-6). 

Similarly, the M vaccae group showed a significant 31 % relative reduction in maximum % 

fall after treatment (visit seven Vs visit two) (p=0.024). However, the estimated absolute 

difference between treatment groups was statistically not significant (8.2%; 95% CI -3.92 to 

20.34%), (Table 4.3-6). 
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M. vaccae Placebo p 
(SRLl72) 

(n=9) (n=6) 
Change (Visit 7 - Visit 2) 7.9 0.84 (7.9) 

AAUC FEV!. mean r1.2 to 14.71 r -8.4 to 12.31 
% change from p=0.026 p>0.05 
baseline [95% CI] Treatment difference 7.1 p=0.06 

Mean (95% CI) (-2.54 to 16.7) 
Change (visit 7 - Visit 2) 9.84 1.6 (10.6) 

Maximum fall [1.81 to [-14.0 to 13.7] 
FEV], mean % 17.91 
change from p=0.024 p>0.05 
baseline [95% CI] Treatment difference 8.2 p>0.05 

Mean (95% CI) (-3.9 to 20.3) 
.. 

TABLE 4.3-6: Changes from VISit 2 lJ7 LAR - patleJlts lI'ltb Imld asthllla 

4.3.4.2 Early asthmatic response (EAR) 

Treatment with placebo or SRLl72 had no significant effect on the EAR, expressed as 

maximum % fall in either FEV] or AUC (Table 4.3-7)' 

M. vaccae Placebo p 
(SRLl72) 

(n=12) (n=12) 
Pre-intervention (Visit 2) -13.9 (S.9) -12.6 (7.0) 

[-3.4 to -2S.4] r -3.4 to -23.61 
AAUC FEV1. mean Post-intervention (Visit 7) -7.8 (6.6) -8.6 (6.2) 
% change from [-2.4 to -22.S1 [0.8 to - 20.4] 
baseline (SD) [range] Change (visit 7 - Visit 2) p>O.OS p>O.OS 

Treatment difference 2.0 p>O.OS 
Mean (9S% cn (-4.2 to 8.2) 
Pre-intervention (Visit 2) -33.0 (9.8) -29.5 (8.2) 

r -20.6 to -SO.61 r -16.9 to -39.41 
Maximum fall FEVl, Post-intervention (Visit 7) -22.6 (8.S) -24.4 (8.8) 
mean % change from [-7.7 to -38.4] [-8.0 to -39.4] 
baseline (SD) [range] Change (visit 7 - Visit 2) p>O.OS p>O.OS 

Treatment difference 1.89 p>O.OS 
Mean (9S% CI) (-7.76 to l1.S) 

TABLE 4.3-7 :Effects ifM. vaccae (SRL172) on tbe allergen induced earlY asthmatic response (EAR). 
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4.3.4.2.1 EAR -mild asthmatics 

The treatment effect for each group is shown in (Table 4.3-8). The active group shows an 

average improvement of 7.56% in AAUC after treatment compared to 1.70% in the placebo 

group. The estimated difference between treatment groups was statistically not significant 

(5.86%; 95% CI -2.22 to 13.93%; p>0.05). When calculating the maximum % fall in FEYl, 

the active group shows on average a 13 .48% lower maximum % fall after treatment compared 

to 8.13% in the placebo group. The estimated difference between treatment groups was 

statistically not significant (5.35%;95%CI -7.76 to 18.5%; p>0.05) (Table 4.3-8). 

M. vaccae Placebo p 
(SRL172) 

(0=12) (0=12) 
Pre-intervention (Visit 2) -13.9 (5.9) -12.6 (7.0) 

r-3.4 to -25.41 r -3.4 to -23.61 
AAUC FEV1, mean Post-intervention (Visit 7) -7.8 (6.6) -8.6 (6.2) 
% change from r -2.4 to -22.51 rO.8 to - 20.41 
baseline (SD) [range] Change (visit 7 - Visit 2) p>0.05 p>0.05 

Treatment difference 2.0 p>0.05 
Mean (95% Cl) (-4.2 to 8.2) 
Pre-intervention (Visit 2) -33.0 (9.8) -29.5 (8.2) 

[-20.6 to -50.6] [-16.9 to -39.4] 

Maximum fall FEV I, Post-intervention (Visit 7) -22.6 (8.5) -24.4 (8.8) 
mean % change from [-7.7 to -38.4] [-8.0 to -39.4] 
baseline (SD) [range] Change (visit 7 - Visit 2) p>0.05 p>0.05 

Treatment difference 1.89 p>0.05 
Mean (95% Cl) (-7.76 to 11.5) 

TABLE 4.3-8 : Effects if M. vaccae (SRLll2) on alletgen induced earlY asthmatic response (EAR) in mild asthlllatics. 
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4.3.4Effect of treatment on airway responsiveness 

The two groups of subjects were not different in respect of baseline PCzoFEV 1 histamine. 

Allergen challenge perfom1ed before any treatment caused a significant (p=0.007) change in 

PC20FEVl from a geometric mean [95% CI] of 1.17 mglml [1.0-1.3 mg/ml] to 0.55 mg/ml 

[0.3-0.8 mglml] in the subjects that subsequently received SRLI72 and a significant change 

(p=0.02) from 1.82 mglml [1.5-2.1 mglml] to 0.78 mg/ml [0.5-1.1 mglml] in the subjects that 

received placebo. The changes in PC20FEVl between the two treatment groups were not 

significantly different (p=0.98). Comparisons of the geometric means for post-allergen 

challenge PC20FEVl recorded before and after treatment with placebo or SRLI72 using 

ANOV A showed no difference between the two treatment am1S, with the mean value 

changing from 0.55 mg/ml to 0.76 mg/ml in the actively treated subjects and from 0.77 to 

1.41 mglml in the subjects receiving placebo. 

M. vaccae Placebo p 
(SRLl72) 

(n=12) (n=12) 
Pre-intervention (Visit 1) 1.32 (0.7) 3.3 (4.2) 

PC20FEV 1 (histamine) [0.6-2.7] rO.35-13.631 
Arithmetic mean Pre-intervention (Visit 3) 0.7 (0.5) 1.76 (2.7) 
(mg/ml) [0.1-1.681 rO.1 -8.8] 
(SD) [range] Post-intervention (Visit 8) 1.1 (1.1) 2.6 (2.9) 

[0.2-4.2] [0.2- 8.3] 
Pre-intervention (Visit 1) 1.17 1.82 

[1.0-1.3] [1.5-2.1] 
Pre-intervention (Visit 3) 0.55 0.78 

PC20FEV 1 (histamine) 
[0.3-0.81 [0.5-1.11 

Post-intervention (Visit 8) 0.77 1.41 
(mg/ml) 

[0.5-1.01 [1.1-1.71 
Geometric mean 
[95% Cl] 

Change post allergen p=0.007 p=0.02 
challenge (Visit 3-Visit 1) 
Treatment difference -0.27 p=0.98 
(visit 8 - Visit 3) (-2.56 to 2.01) 
Mean (95% CI) 

TABLE 4.3-9: Eifects qf SRL172j placebo on PC20FEVt histamine. 
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4.3.5 Effects of M. vaccae on sputum cellularity 

Sputum supernatant was collected at visit four (prior to treatment) and visits six. Not all 

patients were able to produce sputum on all occasions, therefore eight patients in the placebo 

group and seven in the active group had complete data for analysis. 

M.l'accae Placebo p 
(SRL172) 

(0=7) (0=8) 
Pre-intervention (Visit 4) 17.9 % (11.2) 31.1 % (16.9) p>0.05 

[1.3-40.9] [9.2-57.5%] 
N eutrophils 
mean% (SD) Post-intervention (Visit 6) 16.2% (9.7) 32.2% (22.8) p>0.05 
[range] [0.21 - 30.7] [8.4-74.7%] 

p>0.05 p>0.05 
Pre-intervention (Visit 4) 6.97% (5.9) 5.04% (4.6) p>0.05 

[0.8-17.4%] [2.24-14.2%] 
Eosinophils 
mean% (SD) Post-intervention (Visit 6) 8.03% (6.0) 3.93% (3.1) p>0.05 
[range] [2.3-21.8%] [0.64-8.64%] 

p>0.05 p>0.05 
Mo/Ma Pre-intervention (Visit 4) 68.2% (17.1) 56.2% (15.5) p>0.05 
mean% (SD) [36.5-95.8% ] [29.6-79.8%] 
[range] 

Post-intervention (Visit 6) 73.0% (10.2) 60.7 % (21.4) p>0.05 
[57.6-89.7%] [22.4-85.3%] 

p>0.05 p>0.05 
Lymphocytes Pre-intervention (Visit 4) 3.2% (1.6) 3.45% (1.4) p>0.05 
mean% (SD) [0.9-5.94%] [1.7-4.9%] 
[range] 

Post-intervention (Visit 6) 0.96% (1.2) 0.85% (0.8) p>0.05 
[0-3.7%] [0-2.24%] 

p<O.OOl p<O.OOI 

TABLE 4.3-10: Effect of treatment on sputU1ll ceilN/arity 

No statistically significant difference was found in the number of neutrophils, 

monocyte/macrophages and lymphocytes pre- and post-treatment within each group and 

between treatment groups (Table 4.3-10) 
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4.3.6 Effects of M. vaccae on sputum mediators 

Eosinophil cationic protein (ECP) can be detected in the sputum of patients with asthma 

(Fujimoto et al. 1997), in nasal and bronchoalveolar lavage fluids after the experimental 

inhalation of antigens, in saliva (Schmekel et al. 2001), serum (Niimi et al. 1998) and within 

involved tissues. In allergic diseases, eosinophil granule proteins may cause damage and 

desquamation of airway epithelial cells, alter airway hyperreactivity and cilial function, and 

elicit local oedema (Giembycz et al. 1999). ECP levels decrese in bronchial wash following 

steroid treatment (Robinson et al. 1995). Eosinophilia and ECP correlate with lung function 

and the clinical severity of the disease (Bousquet et al. 1990; Fujimoto et al. 1997). Serum or 

local levels of ECP are frequently measured in clinical and research settings as a parameter of 

eosinophil involvement or therapeutic efficacy. 

Tlyptase is the major enzyme stored in the cytoplasmic granules of human mast cells, and this 

neutral protease occurs in most, if not all, human mast-cell populations (Oskeritzian et al. 

2000). Because this enzyme appears to be highly characteristic of, if not unique to, the human 

mast cell, measurements of mast-cell tryptase in biologic fluids such as plasma, serum, and 

inflammatory exudates have been used to assess mast-cell activation in these settings (Fahyet 

al. 1994; Oskeritzian et al. 2000). 

In this study, the median [range] of ECP in the M vaccae group was of 131.0 ).lg/ml [21.6-

647 ).lg/m1] at visit four, compared to a median [range] of 173.3 f-Ig/ml [10-799.2 ).lg/ml] at 

visit seven (p>0.05) (Figure 4.3-3). Similarly, the median [range] ofECP in the placebo group 

was of 48.47 ).lg/ml [10.7-243.8 ).lg/ml] at visit four, compared to a median [range] of 65.4 

).lg/ml [19.6-1,185 ).lg/ml] at visit seven (p>0.05). No difference was found between the two 

treatment groups (Figure 4.3-3). 
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When looking at the tryptase levels, the median [range] of tryptase in the M vaccae group 

was of5.9Ilg/ml [O.04--29.6IlWml] at visit four, compared to a median [range] of 12.1 Ilg/ml 

[8.2-25.3 Ilg/ml] at visit seven (p>O.05) (Figure 4.3-3). Similarly, the median [range] of 

tryptase in the placebo group was of 14.3 Ilg/ml [2.8-53.5 ~/ml] at visit four, compared to a 

median [range] of 8.7 Ilg/ml [6.7-55.8 Ilg/ml] at visit seven (p>O.05). No difference was 

found between the two treatment groups (Figure 4.3-3). 

4.3.7Effects of M. vaccae on proliferation of peripheral 

blood mononuclear cells (PBMC) 

Administration of M vaccae may cause immunomodulation to allergen by affecting T cell 

phenotype in response to allergen with or without changes in proliferative response. To assess 

the change in allergen-induced proliferative response in the two treatment groups, PBMC 

from subjects belonging to the two study groups were stimulated with Del' p at visit four 

(before the administration on M vaccae/placebo) and at visit seven and eight (Figure 4.3-4). 

No significant change was found within each group between visits, nor was there significant 

difference in proliferation between the two groups at sequential time points. 

No correlation was found between the area of the wheal to Del' p following the skin-prick test 

and the PBMC proliferation to allergen. 
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4.3.8 Effect of treatment on IL-5 synthesis In vitro and 

serum IgE levels 

Cultures of PBMC were possible on all three occasions in 19 out of 24 subjects (ten treated 

with SRLl72 and nine subjects receiving placebo). Subjects who were randomised to receive 

active treatment had a tendency to exhibit higher IL-5 responses to allergen in vitro but these 

were not significantly different from subjects receiving placebo (Table 4.3-7, upper panel). In 

seven out of ten subjects treated with SRLl72 there was a gradual decline in IL-5 synthesis 

over the course of the study. In contrast, in only two subjects receiving placebo was there a 

decrease in IL-5. In the latter group there was a tendency towards a transient increase at visit 
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seven, i.e. just before the second allergen challenge, which was followed by a return to 

baseline levels at the end of the study. Comparisons by Mann Whitney V test of AVC of IL-5 

changes that had occurred between visits four and the subsequent visits showed a tendency 

towards significant differences (p=0.07) for differences in AVC between visits four and seven 

and 0.08 for the whole time course, i.e. between visits four and nine). Comparison of the 

changes in IL-5 and IgE concentrations in the SRLl72 group with those in the placebo group 

that had occurred between visits four and seven using the Fisher's exact test also showed a 

tendency for the differences to be significant (p=0.07) (Table 4.3-7, upper panel). 

Similar trends were seen for total serum IgE levels when comparing placebo and SRLI72 

treatment groups (p=0.07 when comparing visits four and seven by Fisher's exact test) (Table 

4.3-7, lower panel). Comparison of AVC showed no difference between the two treatment 

groups. 

180 



50 

40 

-
E 30 

Cl 
0-

'9 20 
...J 

10 

0 

Visits 

800 

700 

"';" 600 E 
::J 500 -w 

400 Cl 

III 300 -0 
I-

200 

100 

0 

Visits 

DayO 

4 

p= 0.07 

Day21 

7 

p= 0.07 

Day 0 Day 18 

4 7 

Day 42 

9 

Day 42 

9 

FIGURE 4.3-5: Effects of SRL-172 on allergen-induced 1L-5 generationi?Y peripheral blood mononuclear cells (PBMC) 
and total serum 19E levels during the stucfy. The p values indicate significance levels JJlhen comparing the changes (,1) in 1L-
5 and 19E concentrations in the SRL172 grotp JJ!ith those in the placebo group that had occumd between dqy 0 and dqy 
21 using the Fisher's exact test. The bars represent mean ± standard error of the mean (SEM).Placebo (oper bars) M. 
vaccae (Black bars). 

181 



4.4 DISCUSSION 

This study has shown that a single intradermal injection of SRLI72 in allergic asthmatics 

reduces the allergen-induced LAR, and is associated with a tendency for reduced IL-5 

synthesis by T cells stimulated with allergen in vitro. 

Although the difference between active treatment and placebo failed to reach conventionally 

accepted significance levels for comparisons of AUC of the LAR, and was not statistically 

significant for maximum falls in FEV1, these findings suggest that SRLI72 may have the 

potential to modulate both the airways reaction to specific allergens and the associated 

upregulation of Th2-type cytokines that is typical of atopic asthma. These observations and 

conclusions are supported by a recent study showing that intradennal administration of M 

vaccae can reduce the requirement for bronchodilators in mild pollen-induced seasonal 

asthma (Hopkin et al. 1998) and a study in which SRLI72 reduced the intensity of atopic 

dermatitis in children (Arkwright et al. 2001) 

Allergen challenge has been widely used in asthma research. It has to be recognised that 

comparison of the effects on airway responses of SRLI72, specifically the AUC of the LAR, 

with those of placebo just fails to reach the 5% significance level (p=0.06) that is usually 

sought in clinical trials. However, the high significance of the comparisons of both the 

maximum fall in FEV1 and the AUC of the LAR within the group of subjects treated with 

SRLl72 strongly suggests that M vaccae may be able to attenuate allergen-induced airway 

responses. 

One difficulty with the design of this study has been the lack of sufficient knowledge about 

the time-course of action of SRLI72. Studies of inter-subject variability and reproducibility of 

late phase responses have shown that in order to demonstrate a 30% reduction in the LAR, 

with 95% power and probability of less than 5% of the difference occurring by chance, 12 
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subjects are needed (Inman et al. 1995). However, it is likely that the imunomodulatory 

capacity of SRLI72 varies considerably from mildly to highly allergic individuals and it is, 

therefore, possible that a greater degree of confidence in the biological effect might have been 

seen in the present study if more subjects had been included to take into account this 

variability. The dose of SRLl72 was selected as the largest dose used in man giving a Thl 

pattern of response to the mycobacterial antigen that did not cause unacceptable local 

inflammation. Although no dose-response studies have been performed in humans, in the 

mouse model the dose of M vaccae does not seem to be critical and a wide range (100-fold) 

of doses have similar effects. It is also possible that the timing of the challenge in relation to 

the injection of the vaccine was not optimal. I based this timimg on a study in the murine 

ovalbumin-sensitised mouse showing the attenuated allergic response seen three weeks after 

administration of M vaccae (Wang et al. 1998). Finally, it is also possible that a greater effect 

may have been observed with multiple injections of SRL172. Although, there are no 

published data on the effects of multiple injections of M vaccae in adults with moderate 

asthma asthma, a multi-centred phase II, randomized, placebo-controlled study on 178 

patients, funded by by Sakai has shown in an exploratory analysis a trend towards 

improvement among patients receiving two high doses of M vaccae showed a significant 

reduction in asthma symptoms score and exacerbations (SRPharma). In a trial using repeated, 

weekly injections of killed M bovis BCG for four weeks, showed no difference in asthma 

symptoms or any other markers of asthma severity. Importantly, the trial was stopped early 

because of unacceptably high local reactions to BCG injection (Shirtcliffe et al. 2004). It 

would be interesting to see whether a similar schedule with the non-pathogeic M vaccae 

would give similar results in terms of asthma symptoms or local side effects. 
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There is no data on whether M vaccae is immunogenic in vivo, and no studies have been 

published in humans on the safety and efficacy of multiple doses of M vaccae in allergic 

asthma (Dr L. R. Brunet, SRpharma, personal communication). However, as discussed in 

Chapter one, preliminary unpublished data report an improvement in asthma symptoms in 

patient who received 2 doses ofM. vaccae (SRpharma). 

The trend towards an effect of a single injection of SRLl72 to reduce the capacity of 

peripheral blood T cells from allergic individuals to generate IL-5 in response to specific 

allergen adds support for its potential to inhibit relevant allergic mechanisms. In contrast to 

the transient rise in allergen-induced IL-5 synthesis in vitro that could be seen in subjects 

receiving placebo, in seven out often subjects treated with SRLI72 there was a steady decline 

in IL-5 synthesis. This would suggest a protective effect against allergen exposure in 

sensitised individuals. 

In the absence of PBMC culture at the beginning of the study, i.e. before the first allergen 

challenge, I have no definitive explanation for the time-course of IL-5 synthesis, and 

speculate that the transient rise in placebo-treated subjects was a consequence of the first 

allergen challenge, with the potential for IL-5 generation returning to baseline at the end of 

the study. By way of its effects on the maturation of eosinophils from bone marrow-derived 

precursors, and their activation and prolonged survival in the affected organ, IL-5 is one of the 

key cytokines in allergic diseases. It is, however, becoming apparent that IL-5 is not the only 

cytokine involved. Indeed a recent clinical trial using a humanised anti-IL-5 antibody has 

showed no significant reduction in the LAR (Leckie et af. 2000). It is therefore important to 

appreciate that, unlike agents which target single mediators, M vaccae has a potentially wider 

effect through its ability to upregulate IFN-y and reduce both IL-4 and IL-5 (Wang et af. 

1998). 

184 



Contrary to animal studies (Erb et at. 1998), no change in sputum eosinophilia, ECP and 

tryptase was found following M vaccae treatment. This observation could be might be 

explained by an already low baseline eosinophil count, the mild disease severity in both 

groups and possibly a too small sample size. Other factors that could explain the apparent lack 

of effect on sputum cellularity include the timing of the sputum induction (time between 

allergen challenge-intervention-sputum induction), the dose of M vaccae and single versus 

multiple injections, and the route of administration. Previous studies using M bovis BCG 

have shown that the intranasal route, but not systemic route, was able to reduce pulmonary 

eosinophil a and 1L-5 synthesis (Erb et al. 1998). The intranasal administration of M. bovis 

BCG raises concerns over unacceptable nasal inflammation, colonisation of the oro

pharyngeal epithelium or development of granulomatous disease, and therefore has not been 

trialed in humans. In a recent study, however, M. vaccae has been administered intragastically 

in a mouse model of asthma (Hunt et al. 2005). The authors have demonstrated that a single 

administration of M vaccae by gastric route was able to reduce eosinophilic infiltrate 

following allergen challenge. Furthermore, there was an increase in the synthesis of 1L-l 0, 

implying an expansion of cells with regulatory properties (Hunt et at. 2005). These cells 

include T regulatory cells and regulatory APC CDllc+, which in tum could down-regulate the 

Th2 response independently from the reduction in eosinophils or mast cells (Zuany-Amorim 

et al. 2002; Zuany-Amorim et al. 2002; Adams et al. 2004). 

In demonstrating a benefit from stimulating the immune system with Mycobacteria, the 

results of this study lend support to the 'hygiene hypothesis'. As discussed more in detail in 

Chapter three of this thesis, the strong association between delayed hypersensitivity to 

Mycobacterium tuberculosis and atopic disease seen in Japanese children, (Shirakawa et al. 

1997) and the increase in 19E levels following successful treatment of pulmonary TB in South 
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Africa (Adams et af. 1999) suggest that immune responses to mycobacteria are an important 

means of inhibiting allergic responses. It should, however, be appreciated that M vaccae is 

unique in its ability to modulate immune responses. Its Th 1 adjuvant property is wlaffected by 

killing, whereas other mycobacteria, such as BCG, have little Thl adjuvant effect when dead 

(Abou-Zeid et af. 1997). M vaccae also down-regulates pre-existing Th2 responses in a 

manner that appears to be independent of its ability to enhance Thl responses (Wang et af. 

1998). Thus, a recombinant strain expressing the dominant T cell epitope of ovalbumin or 

organisms to which ovalbumin had been covalently bonded are both able to induce a Thl 

response to ovalbumin, but this does not result in greater suppression of the pre-existing Th2 

response than is achieved with heat-killed organisms alone (Wang et af. 1998). A further 

unique property is the priming of CD8+ T cells in mice (Skinner et af. 1997). When mixed 

with ovalbumin and injected intraperitoneally, killed M vaccae drives the formation of CD8+ 

cytotoxic T cells that lyse recombinant EL-4 thymoma cells expressing ovalbumin (Watson 

1998). In view of the suggested role of CD8+IFN-y + T cells in the control of Th2 responses, 

(MacAry et aZ. 1997) this property may be of relevance in interpreting the present study. 

However, as discussed in Chapters four and six, it seems now increasingly clear that the 

immunomodulatory properties of M vaccae are distinct from pathogenic bacteria (such as M 

tuberculosis) and also BCG. There is now evidence that the bacteria implicated in the 

'hygiene hypothesis' are not those that cause infectious diseases, but are the harmless 

commensal species present in the environment throughout human evolution. These include 

Lactobacilli (Kalliomaki et al. 2003) and saprophytic environmental mycobacteria (Rook et 

al. 1998; Rook et al. 2003). These 'old friends' are recognised by the innate immune system 

and are able to stimulate regulatory T (Treg) cells (Rook et af. 2003). Treg cells can then 
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reduce the effector response and, by maintaining a constant antigen source provide the 

immune stimulus necessary for immunity to re-infection (Belkaid ef af. 2002). 

In conclusion, the results of this study provide the first evidence that SRLl72 mayo reduce 

the magnitude of the late phase response to allergen. This may be associated with an 

inhibitory effect onIL-5. Whilst the findings of my study are not definitive, I believe that they 

justify the need for a larger clinical trial, involving multiple dosing, to study the potential of 

SRLl72 as a treatment for chronic asthma. 
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CHAPTER FIVE 

Effects of killed Mycobacterium vaccae on in vitro 

allergic inflammation 
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5.1 INTRODUCTION 

Bronchial asthma is characterised by chronic airway inflammation orchestrated by activated 

Th2 cells secreting the cytokines interleukin (IL)4 and -5 which promote airway eosinophilia 

and IgE synthesis and ultimately lead to airway remodelling (Romagnani 1994). 

Epidemiological studies have suggested a link between the worldwide rise in atopic disorders 

and a change in exposure and immunity to microbial agents (Holt 1996; Hopkin 1997; 

Strachan 2000; Braun-Fahrlander et al. 2002), forming the basis for the 'hygiene hypothesis' 

of allergic diseases. Many bacteria and their components have the potential to modulate the 

function of immune cells, which could, in principle, protect against the development of Th2 

diseases (Shaheen et al. 1996; Strachan et al. 1996). Mycobacteria have attracted particular 

attention as epidemiological evidence suggests that immunity to mycobacteria is associated 

with lower risk of atopy (Shirakawa et al. 1997; Rook et al. 1998). However, there is now 

evidence that the bacteria involved in the 'hygiene hypothesis' are not those that cause 

infectious diseases but the harmless commensal species present in the environment 

throughout human evolution. These include Lactobacilli (Kalliomaki et al. 2003), saprophytic 

environmental mycobacteria (Rook et al. 1998; Rook et al. 2003), the helminths (reviewed in 

(Yazdanbakhsh et al. 2002; Rook et al. 2003)) and bacterial DNA. 

How mycobacteria might exert their immunomodulatory effects in humans are unclear. Most 

of the studies to date have been conducted with BCG which elicits particularly strong 

protective Th1 immune responses. As shown in Chapter four, my previous in vivo study in 

human volunteers (Camporota et al. 2003) showed trends in reduction of ex vivo lL-5 

synthesis by peripheral blood mononuclear cells (PBMC) and a tendency towards reduced 

serum IgE following treatment with a single intradermal injection of M vaccae. In this 

Chapter, 1 report the results of a study in which the in vitro effects of M vaccae (SRP299) on 
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cytokine production by PBMC from mild atopic asthmatics were investigated. I show that 

SRP299 causes a potent inhibition of allergen-induced IL-5 and IL-13 synthesis. I also show 

that this effect does not involve 1L-12 induction but involves IL-lO, providing further 

evidence that suggests regulatory T cell induction by M vaccae. Furthermore, I show that the 

inhibitory effect of M vaccae involves generation of prostaglandins. 

5.2 METHODS 

5.2.1 Subjects 

Eight non-smoker atopic asthmatics with mild asthma requiring only inhaled ~2-agonists, 

were recruited. None offue subjects had reported a respiratory infection within 14 days of the 

study nor had ever used oral or inhaled corticosteroids. The study was approved by the 

Southampton University and Hospitals Ethics Committee and subjects gave their written 

informed consent. 

5.2.2 In vitro cytokine responses to allergen 

PBMC were isolated from 40 ml of heparinised venous blood by Ficoll-Hypaque gradient 

centrifugation as described in 2.2.6.1 and 2.2.6.3. 

It has been previously proposed that cyclo-oxygenase-2 (COX-2) plays an important role in 

limiting inflammatory processes. In order to study the contribution of prostaglandins to the 

inhibitory effects of M vaccae, PBMC were cultured in the presence of indomethacin (a 

COX-1 and COX-2 inhibitor) at a concentration ofO.2mM. To further determine whether the 

two main prostanoids prostaglandin E2 (PGE2) and prostacyc1in (PGI2) exerted a differential 

effect on PBMC functional phenotype, PBMC were stimulated with either PGE2 (Iloprost, 
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Cayman chemical, Ann Arbor, MI, USA) or PGI2 (Schering Health Care Limited, Burgess 

Hill, West Sussex, UK) at a concentration of I 11M. 

5.2.3 Statistical analysis 

For statistical analyses, the Graph Pad InStat® package (Graph Pad Software, San Diego, 

USA) program was used. Data were analysed for distribution with the Kolmogorov-Smimov 

test. Repeated measure ANOVA was used for the comparisons among the groups. When 

differences were statistically significant, Dunnett's post test for multiple comparisons test was 

used for between-group comparisons (groups versus Der p stimulated cultures). For between 

group analysis the Bonferroni's test for multiple comparisons was also used. When multiple 

comparisons were not required t-test and Wilcoxon test was employed. A p<O.05 was 

considered statistically significant. 

5.3 RESULTS 

5.3.1 Effects of M. vaccae on type 2 and type 1 cytokine 

production 

Stimulation of PBMC with Der p caused a significant increase in IL-5 (p<O.OI) and IL-13 

(p<O.OOI) after seven days of culture (Figure 5.3-1a and b). The addition of M. vaccae to the 

allergen-stimulated culture resulted in a significant (p<O.Ol) mean 65.2 % inhibition in Der p

induced IL-5 and a smaller but still highly significant (p<O.OI) mean 36.7 % inhibition in IL-

13 synthesis (Figure 5.3-1 a and b). Stimulation of PBMC with Der p alone did not cause any 

significant increase in IFN-y synthesis (First three bars Fig Ic), but in the presence of M 

191 



vaccae there was a significant (p<O.05) 48.6 % mean increase in IFN-y production (Figure 

5.3-1c). 

5.3.2 Effects of M. vaccae and IL-12 on cytokine responses 

The ability of M vaccae to stimulate Thl immune response was demonstrated by time

course/dose-response experiments in which M vaccae stimulated both IL-12 and IFN-y 

synthesis in a dose-dependent fashion (Figure 5.3-2a, b). The production of IL-12 and lFN-y 

peaked at day five. The relative role of IL-12 in the inhibition of Th2 cytokine synthesis 

caused by M vaccae was further studied. 

M vaccae and IL-12 were effective in down-regulating allergen-induced IL-5 and IL-13 

responses (Figure 5.3 -2a,b), although M vaccae was marginally, but not statistically 

significantly, more effective at inhibiting IL-5 (Figure 5.3-2), while IL-12 was able to cause a 

significantly greater inhibition of Ilr 13 (p<O.05) (Figure 5.3-2). In the presence of Del' p, M 

vaccae and IL-12 were both able to inhibit the polarisation of T cells induced by allergen. 

Neutralisation ofIL-12 with blocking antibody did not significantly reverse the inhibition of 

Del' p-induced IL-5 and IL-13 production caused by M vaccae (Figure 5.3-2). In contrast, 

neutralisation of IL-12 was effective at inhibiting M vaccae-induced IFN-y generation 

(p<O.05) (Figure 5.3-2). 

5.3.3The role of IL-IO in Th2 and Thl cytokine generation 

Another mechanism by which M vaccae is thOUght to down-regulate allergic response is by 

inducing IL-IO synthesis to expand the population of allergen-specific regulatory T cells. I 

therefore carried out a time-course and dose-response experiment in which a dose-dependent 
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increase in IL-lO synthesis by PBMC in response to M vaccae (Figure 5.3-3) was observed. 

IL-IO production peaked at day three, i.e. before the peak of the IL-12 and IFN-y responses. 

To further test the role of IL-IO, I added anti-IL-IO to cultures in which PBMC were 

stimulated by allergen in the presence of M vaccae and neutralising antibody to IL-12 in 

order to see whether there was any additional inhibition. The levels of IL-5 in cultures of M 

vaccaelDer p-stimulated PBMC were significantly increased in the presence of antibodies 

blocking IL-IO (p<O.05) (Figure 5.3-4), showing restoration oflL-5 production. However, IL-

13 levels were not significantly affected by additionally blocking IL-lO (Figure 5.3-4). 

When neutralising antibodies for IL-IO were added to PBMC stimulated by allergen in the 

presence of M vaccae and anti-IL-12 antibodies, the production of IFN-y was increased 

significantly (Figure 5.3-4), in keeping with the notion that 1L-1O regulates both Thl and Th2 

responses. lsotype control antibodies (IgG2a) had no effect on the allergen-stimulated 

cytokine levels. 
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5.3.4 The role of IL-18 in association with IL-12 

IL-12 has been shown to act in association with IL-18 (EI-Mezayen et af. 2004). Therefore, I 

investigated whether additional blocking of IL-18 would contribute to the reversal of the Th2 

cytokine inhibition induced by M vaccae. The restoration of IL-5 production in 

M vaccaelDer p-stimulated PBMC in the presence of the combination of antibodies against 

IL-12 and IL-18 was only partial and statistically not significant (Figure 5.3-5). 

5.3.5 The role of prostanoids on the ability of M. vaccae to 

inhibit Th2 cytokine response 

Given that blocking IL-IO did not have an effect on IL-13 synthesis, I hypothesized that other 

mediators such as prostaglandins may be induced by M vaccae and that these would play a 

role in the inhibition of cytokine responses. To test this hypothesis I assessed the effects of 

indomethacin, which irreversibly inactivates both cyclo-oxygenase (COX)-l and COX-2. 

Indomethacin had no effect on allergen-induced cytokine production. When given in the 

presence of blocking antibodies against IL-IO, IL-12/IL-18, treatment of PBMC with 

indomethacin completely inhibited the ability of M vaccae to down-regulate both IL-5 and 

IL-13 in response to allergen (Figure 5.3-5). However, no significant effect was seen on IFN-y 

production (Figure 5.3-5). The presence of blocking antibodies against IL-12, IL-18 and IL-l ° 
did not impair the ability of PBMC to respond to non specific stimuli such as 

Phytohaemagglutinin (PHA) when added to the culture supernatant at day six (24 hours before 

harvesting) (Figure 5.3-6). This indirectly shows that the modulation of cytokine responses by 

M vaccae and the observed contribution of IL-IO, IL-12 and IL-18 are not due to a non-

specific reduction in cell responsiveness or cell deathiapoptosis. Isotype control antibodies 

(lgG2a) had no effect on the allergen-stimulated cytokine levels. 
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5.3.6Prostaglandin (PG)I2 (Iloprost) but not PGE2 inhibits 

IL-5 generation in vitro 

In order to differentiate the effects of different prostanoids on allergen-induced IL-5 

production, PGl2 or PGE2 were added to cultures of PBMC. PGI2 (Iloprost), but not PGE2, 

was able to inhibit IL-5 generation to unstimulated baseline levels (Figure 5.3-7). This suggests 

that PGh generation in the context of allergic inflammation may represent a mechanism by 

which M vaccae controls type 2 immune response in vitro as well as possibly in vivo. 
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5.4 DISCUSSION 

This study shows for the first time that M vaccae is able to down-regulate allergen-induced 

IL-5 and IL-13 synthesis by human T cells. Although M vaccae caused an increase in IFN-y 

synthesis, it was the generation ofIL-I0 and PGh, and not IL-12/IFN-y, that were crucial for 

the inhibitory effects of M vaccae on allergen -induced Th2 cytokines synthesis. 

Neutralisation of IL-IO reversed the inhibitory effects of M vaccae on IL-5 but not IL-13 

production, whilst prostaglandins had an additional effect on IL-13 production. It is not 

entirely clear why blocking IL-I0 reverses the effects of M vaccae on IL-5 but not IL-13 

synthesis. It is possible that other cytokines (e.g. TGF-~), not investigated in the current 

study, play a more important role in regulating IL-13 synthesis. Our study showing that 

indomethacin completely reverses the inhibitory effects of M vaccae but only minimally adds 

to the inhibitory effects of IL-IO my study suggests that M vaccae regulates IL-5 synthesis 

largely via IL-l 0, whereas the regulation of IL-13 involves IL-IO and prostanoids. 

Heat-killed M vaccae has been shown to suppress allergic airway inflammation in a mouse 

model of asthma when administered either prior to sensitisation or during an established 

allergic response. Treatment with M vaccae results in reduction in airway 

hyperresponsiveness, airway eosinophilia and IL-5 production induced by OVA challenge 

(Wang et al. 1998; Hopfenspirger et al. 2002; Smit et al. 2003). The down-regulation of the 

Th2 response has been attributed to the capacity of mycobacteria to strongly induce an 

upregulation of Thl cytokines (Wang et al. 1998; ]ouanguy et al. 1999; Janssen et al. 2001) 

or decrease in the IL-4/IFN-y ratio (Xie et al. 2002). This would, in tum, dampen the Th2 

response to allergen, theoretically by virtue of the cross-regulatory properties of the two T cell 

phenotypes. However, contrary to BeG, which stimulates a Thl response, M vaccae is an 
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environmental organism with different immunomodulatory properties, and reduced propensity 

to stimulate an exaggerated effector immune response (Rook et al. 2003). Indeed, recent 

animal studies have failed to demonstrate an increase in IFN-y or the Thl-related IgG2a 

antibodies in serum following treatment with M vaccae (Zuany-Amorim et al. 2002) and 

more recently, studies in mice have demonstrated that the effects of M. vaccae on Th2 

cytokine generation and airways responsiveness might not be secondary to an increase of 

Thl-type cytokines, as previously thought, but to the expansion of a population of IL-lO 

producing regulatory T cells and CD 11 c + antigen presenting cells with regulatory properties 

(Zuany-Amorim et al. 2002; Adams et al. 2004). The inhibition of the Th2 response in this 

model is mediated through IL-I0 and transforming growth factor-~ (TGF-P). This is 

demonstrated by the ability of antibodies against IL-I0 and TGF-p to completely reverse the 

inhibitory effect of Treg cells transferred from animals treated with M vaccae to recipient 

animals prior to sensitisation with allergen (Zuany-Amorim et al. 2002). 

Human studies demonstrate that human Treg cells can suppress responses to recall antigens 

and allergens (Taams et al. 2002; Bellinghausen et al. 2003; Jutel et al. 2003). Dendritic cells 

exposed to antigen produce IL-I0 and stimulate the development of IL-l O-producing Treg 

cells (Akbari et al. 2001; Akbari et al. 2002) and T cells expanded with IL-I0 both in vivo and 

in vitro show suppressive activity (Akdis et al. 2004). Synthesis of IL-l 0 is believed to be 

important in the induction of tolerance that may provide an effective means of reducing T 

cell-driven airway inflammation in asthma. 

A recent study of PBMC of healthy and allergic individuals has shown that Treg cells 

represent the dominant subset specific for common environmental allergens in healthy 

individuals; in contrast there is a high frequency of allergen-specific Th2 cells in allergic 

individuals, indicating that a change in the dominant T-cell subset - the frequency of allergen-
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specific Treg cells over Th2 -may lead to allergy development or vice versa in recovery 

(Akdis et al. 2004). Treg cells are able to exert both an allergen-specific and bystander 

suppression of T cell proliferation in response to allergen stimulation in vitro (Akdis et al. 

2004). 

Synthesis of IL-1 0 by regulatory T cells has been shown to be important in the pathogenesis 

of atopic disorders. Indeed, children who outgrow cow's milk allergy have higher frequencies 

of circulating Treg cells and decreased in vitro proliferative responses to bovine B

lactoglobulin Depletion of Treg cells from PBMCs of tolerant children leads to an increase in 

allergen-specific proliferation, suggesting that Treg cells are capable of suppressing the 

effector Th2 cells (Karlsson et al. 2004). Similarly, successful treatment with grass-pollen 

immunotherapy results in increased frequency of Ilr 1 0 mRNA -positive cells in the nasal 

mucosa (Nouri-Aria et al. 2004) and increased IL-10 synthesis by allergen-stimulated Treg 

cells isolated peripheral T cells (Francis et af. 2003; Nouri-Aria et al. 2004) 

In the current study I have shown that M vaccae increases IL-1 0 synthesis and the inhibition 

of llr 1 0 by blocking antibodies significantly reverses the inhibitory effects of M vaccae on 

allergen-induced cytokine production (both IL-5 and IFN-y). This demonstrate that M 

vaccae-induced IL-10 has the capacity to down-regulate both Th2 and Th1 responses induced 

by specific allergen. 

Although M vaccae is also able to stimulate IFN-y and IL-12 synthesis by human PBMC, the 

fact that the inhibition by blocking antibodies to Ilr 12 and IL-18 is not able to restore IL-5 

and llr13 production, would suggest that the IL-12/IFN-y system is not the main mechanism 

involved in the immunomodulatory activity of M vaccae. The importance of IL-1 0 over IFN-
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y generation is in accordance with the animal studies utilising M vaccae (Zuany-Amorim et 

af. 2002; Zuany-Amorim et af. 2002; Adams et al. 2004). 

As discussed above, other factors may play an important role in the observed inhibition of the 

allergic response induced by the administration of M vaccae such as the synthesis of 

Transfonning Growth Factor-beta (TGF -~) and the induction of the gene Forkhead/winged helix 

transcription factor-3 (Foxp3) (Sakaguchi 2003).The expression ofTGF-~ and the transcription-

repressor gene F oxp3, as opposed to GAT A-3, uniquely identifies Treg cells. In atopic 

subjects, Foxp3 expression has been shown to be greater in cells with a Treg cells phenotype 

(Ling et af. 2004). Regulatory T cells can be generated peripherally through costimulation 

with T cell receptors (TCRs) and TGF-~ by a Foxp3-dependent mechanism (Chen et al. 

2003). They exert their inhibitory effects on T cell proliferation through a variety of 

mechanisms that includes the generation oflL-lO and TGF-~ or the engagement of inhibitory 

co-stimulatory molecules like Cytotoxic T-Iymphocyte antigen-4 (CTLA-4) and PD-l (Akdis et 

af. 2004). In a murine asthma model, co-administration of TGF-~-induced regulatory T cells 

prevented house dust mite-induced allergic pathogenesis in lungs (Chen ef af. 2003) and M 

vaccae has been shown to induce TGF -~ and suppress proliferation via a IL-IO and TGF-~-

dependent nechanism (Zuany-Amorim et af. 2002). 

In the current study I have also demonstrated a role for prostanoids in Th2 cytokine 

generation induced by allergen. When added to culture, PGI2, but not PGE2, completely 

inhibited the production of IL-5, to a greater extent than either M vaccae or IL-12. 

Indomethacin reversed the inhibitory effects of M vaccae on IL-13 synthesis but had a 

marginal effect on IL-5 synthesis. Importantly, IFN-y production was not affected. My study 

has not completely elucidated which of the prostanoids is involved but strongly suggests a 
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role for POI2. The spectrum of prostanoids elicited by the COX-2 pathway of the arachidonic 

acid metabolism differs from that synthesised by COX-I (Wickens et af. 2002), and 

prostaglandins have diverse effects on the regulation of cytokine production by T cells. POE::! 

has been implicated in the enhancement of Th2-type responses by inhibiting IL-12 

production. Acting on B cells, POE2 stimulates isotype-class switching to induce the 

production of IgO I and IgE. POE2 acts on antigen-presenting cells, such as macrophages and 

dendritic cells, to induce the expression of IL-l 0 and inhibit the expression of IL-12 receptor 

(IL-12R) (Wickens et af. 2002). On the contrary POI::! has been shown to down-regulate Th2 

response in an animal model of allergic asthma (Jaffar et af. 2002). My findings are in 

agreement with recent animal data which demonstrated that high levels of POI::! are produced 

in the airways following OVA inhalation, that POl2 induces lL-IO production, and that 

inhibition of COX-2 in vivo specifically reduces POl2 synthesis and results in a marked 

increase in Th2-mediated, but not Thl-mediated, lung inflammation (Jaffar et af. 2002). 

In conclusion, I have shown that M vaccae down-regulates allergen-induced Th2 allergic 

responses through the generation of lL-IO and prostanoids. Further insight into the 

mechanism of action of M vaccae is needed, particularly in respect to the mechanisms 

leading to regulatory T cells generation and the characterisation of receptors /ligand interaction 

influencing the effects of M vaccae treatment on responses of APe and T cells. 
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in an in vitro model of allergic inflammation 
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6.1 INTRODUCTION 

6.1.1 Endotoxin, atopy and asthma: epidemiological 

considerations 

Endotoxin or lipopolysaccharide (LPS) is a structural component of the cell wall of Gram

negative bacteria and a potent proinflammatory agent. Exposure to endotoxin can cause acute 

and chronic occupational inflammatory airway diseases (Haglind et al. 1987; Schwartz 1996). 

It may worsen the annual decline in FEV 1 (Vogelzang et al. 1998) and can increase BHR in 

asthmatic patients (Michel et al. 1991; Michel et al. 1992; Michel et al. 1996). Studies 

(Jagielo et al. 1996; O'Grady et at. 2001) have shown that a single exposure to aerosolised 

LPS can induce airflow obstruction in healthy subjects (Malmberg et at. 1993; Kline et at. 

1999) and long-term exposure to endotoxin-containing dust in the workplace can induce 

airway inflammation leading to progressive airflow impairment and chronic lung disease. 

Contrary to its historical 'roguish' reputation, endotoxin has recently emerged as a model of 

how microbial exposure might protect individuals against the development of allergy and 

asthma. Changes in environmental factors and a reduction in childhood infections and 

exposure to microbes have been considered as part of the 'hygiene hypothesis', which, as 

discussed in Chapter one, postulates that reduced exposure to bacterial pathogens during early 

childhood results in the abnormal expansion of Th2 cells and predisposition to allergy. The 

'hygiene hypothesis' has originated from the epidemiological observation of an inverse 

relationship between the prevalence of infectious diseases and allergic sensitisation. This has 

been shown by inverse association between atopic sensitisation and the number of siblings 

(Strachan 1989; von Mutius et al. 1994; Strachan 1997; Strachan 2000), day-care attendance 

early in life (Kramer et al. 1999; Ball et al. 2000) and exposure to orofaecal pathogens, which 

may be regarded as a generic marker of poor hygiene. However, as discussed in Chapter one, 
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this theory has evolved such that hannful infections per se may not be as critical as the 

exposure to microbial burden and, even in the absence of infections, as bacteria and their 

components may be found in varying concentrations in many indoor and outdoor 

environments. 

6.1.1.1 Farming and rural environment protects from atopy and 

asthma 

In the last decade, a series of epidemiological studies have consistently shown a reduced risk 

of atopic diseases and allergic sensitisation in children from fanning families when compared 

with their peers from non-farming families (Braun-Fahrlander et al. 1999; Ernst et al. 2000; 

Kilpelainen et al. 2000; Klintberg et al. 2001) (reviewed in (Braun-Fahrlander 2003)). In 

particular, exposure to livestock and stables was shown to confer protection from allergy. 

A higher exposure to endotoxin has been hypothesised as contributing to the observed lower 

prevalence of allergic diseases in children growing up on a fann. Indeed, endotoxin levels 

tend to be highest in environments where there are farm animals because the faecal flora of 

larger mammals is a major source of endotoxin. Elevated levels of endotoxin have also been 

found in the homes of farmers' children and children with regular contact with livestock as 

compared with non-farming children without animal contacts (von Mutius et al. 2000; 

Gehring et al. 2002; Braun-Fahrlander 2003). 

A cross-sectional study looking at endotoxin levels in mattress dust from fanning and non

farming households in rural areas of central Europe found a relationship between higher levels 

of endotoxin in the dust and a decreased frequency of hay fever, allergic asthma, eczema 

(Phipatanakul et al. 2004) and allergic sensitisation in children from the households (Braun

Fahrlander et al. 2002; Gehring et al. 2002; Braun-Fahrlander 2003; van Strien et al. 2004). 
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The European Conmmnity Respiratory Health Survey showed that the generational increase 

in atopy and allergic rhinitis was not observed in individuals who were exposed to a fanning 

environment in childhood (Leynaert et al. 200 I). A follow -up study in primary school 

children demonstrated that the new occurrence of skin-prick test positivity over three years 

was reduced in children from part-time and full-time famlers as compared with non-fann 

children (Horak et at. 2002; Braun-Fahrlander 2003). Similarly, having lived in the country

a proxy for a fann environment- was negatively associated with a positive skin-prick test, 

particularly in subjects with childhood exposure (Filipiak et al. 200 I; Kauffmann et at. 2002) 

(reviewed in (Braun-Fahrlander 2003). 

A comparison of endotoxin levels in house dust from a country with a low (Estonia) and a 

high (Sweden) prevalence of allergy showed higher LPS levels in Estonian than in Swedish 

house dust and an inverse relationship between this parameter and the development of atopic 

disease and sensitisation in the children during the first two years of life (Bottcher et al. 

2003). These findings support the assertion that high levels of endotoxin, or other bacterial 

products with Thl-stimulating properties, might protect children from developing atopic 

disease, and is also confinned by a cross-sectional surveys carried out in a rural population in 

Austria, Bavaria (Gennany) and Switzerland by the collaborative Allergy and Endotoxin 

(ALEX) research group (Braun-Fahrlander et al. 2002). Similarly, in a study in urban homes 

on infants with a high risk of developing asthma, allergen-sensitised infants had significantly 

lower house dust endotoxin levels than non-sensitised infants (Gereda et al. 2000). 

In addition, in a subset of these infants it was shown that endotoxin levels correlated with 

IFN-y-producing T cells (Thl) but not with IL-4, IL-5 or IL-13-producing cell proportions 

(Th2) (Gereda et al. 2000).Taken together, these studies of infants and children from non-
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fanning environments support the notion of a protective effect of endotoxin exposures on 

atopic sensitisation or atopic eczema during the early year oflife. 

6.1.2 Endotoxin, its receptors and the innate immune 

system 

6.1.2.1 Endotoxin and Toll-like Receptors 

Bacterial lipopolysaccharide is a product of Gram-negative bacteria and a potent stimulator of 

innate immune responses. LPS consists of a highly conserved hydrophobic lipid domain 

known as lipid A, a nonrepeating 'core' oligosaccharide and a distal polysaccharide (or 0-

antigen). The polysaccharide group can be highly variable, functions as an antigen and is 

recognised by the adaptive immune system. The lipid moiety, by contrast, is highly conserved 

and constitutes a molecular pattern recognised by the receptors of the innate immune system 

(Raetz et al. 2002) (Figure 6.1-1). LPS is found in the dust in houses and outdoors in dirt. It is 

continuously shed into the environment and is abundant in occupational organic dust, house 

dust and human oral and nasal cavities (Di Luzio et al. 1973; Hasday et al. 1999). It is also 

found in domestic water, which can be inhaled in bathrooms and from air humidification 

systems. 

Given their conserved architecture, most types of lipid A molecules are detected at picomolar 

levels by an ancient receptor of the innate immune system (Aderem et al. 2000; Medzhitov et 

al. 2000). Mechanisms relating to the recognition of these microbial compounds by the innate 

immune system and the regulation of the resulting inflammatory responses through adaptive 

immunity are likely to be of key importance for the development of atopic diseases. 
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Environmental co factors may also be important. Endotoxin can attach itself to heat-shock 

protein (hsp) and ~-1,3 glucan (an immunostimulatory cell-wall component of fungi , yeast 

and plants), and particularly to bacterial DNA, all of which might potentiate the immune 

effects of endotoxin (Roy et al. 2003). Recent studies show that bacterial DNA in dust 

correlates with endotoxin. The highest bacterial DNA levels are present in falm barns, 

followed by rural homes, farm homes and urban homes, leading to the speculation that some 

of the effects of environmental LPS allergy and asthma prevention could be attributable to 

bacterial DNA (Roy et al. 2003). 
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FIGURE 6.1-1: Model of the inner and outer membranes ofE. coli. (from (Raetz et al. 2002)). 

Endotoxin acts as a potent immunostimulatory molecule through its lipid A moiety, which 

signals, through the LPS binding protein (LBP)/CD14 complex, toll-like receptor 4 (TLR4) 

and, to a lesser extent, other molecules (MyD88 and TLR9) of the innate immunity pathway. 

Toll-like receptors - highly conserved, germ-line receptors - represent the main receptors of 
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the innate immune system recogmsmg conserved microbial patterns and are expressed 

ubiquitously in most tissues in healthy adults (Zarember et al. 2002). Among the members of 

the TLR family, TLR4 (Poltorak et al. 1998; Hoshino et al. 1999), a membrane-sparming 

protein related to the IL-1 receptor, together with CD14, serves as receptor for LPS, while 

TLR2 appears to be less specific than TLR4 in that it is activated by diverse ligands, including 

bacterial lipoproteins and peptidoglycan fragments. TLR6 may function together with TLR2 

to recognize a subset of bacterial membrane proteins and lipopeptides. TLR3 is activated by 

double-stranded RNA, and TLR5 is activated by bacterial flagellin. TLR9 responds to 

bacterial DNA sequences containing the CpG motif (Reviewed in (Cook et al. 2003» (Figure 

6.1-2). 
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FIGURE 6.1-2: Tol/-like receptors and their ligands. 
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Recognition of LPS by TLRs requires interactions between TLRs and adaptor molecules that 

link the receptor complex to downstream signalling molecules. These protein-protein 

interactions are mediated by modular homophilic domains present in both TLRs and IL-l 

receptors. The best-characterized TolllIL-l receptor domain-containing adaptor molecule is 

213 



MyD88, which is utilised by all known TLRs. MyD88 links TLRs to members of the IL 

receptor-associated kinase (lRAK) family, including lRAKl and lRAK4, which activate 

tumour necrosis factor receptor-associated factor-6 (TRAF-6). TRAF-6 is also required for 

mitogen-activated protein kinase (MAPK) activation, leading, via nuclear factor-kappaB (NF

KB), to activation of transcription of multiple pro-inflanm1atory genes, including TNF-a, IL-l 

and IL-6 (Figure 6.1-3) (Cook et al. 2003). In addition to this MyD88-dependent pathway, 

analysis of MyD88-deficient mice revealed that TLR4 can also signal through a MyD88-

independent pathway that results in the activation of NF -KB and MAPK cascades and can 

induce type I interferons and interferon-inducible genes through interferon regulatory factor-3 

(IRF3) activation (Kawai et al. 1999; Homg et al. 2002; Yamamoto et al. 2002; Oshiumi et 

al. 2003). Emerging data suggest that at least part of the difference between responses 

conferred by individual TLRs results from their use of adaptor molecules other than MyD88. 

TLRl, TLR2, TLR4 and TLR6 can utilize the recently characterized adaptor molecule TlRAP 

(Toll/llri receptor domain-containing adaptor protein), also known as Mal, but TLR3, TLRS, 

TLR7 and TLR9 cannot (Fitzgerald et al. 2001; Homg et al. 2001). TlRAP function appears 

to be restricted to this subset of TLRs, whereas MyD88 is required for IL-l and IL-18 

receptor-mediated signalling as well as TLR signalling (Adachi et al. 1998). 

A third adaptor molecule was recently shown to bind TLR3. This TolllIL-l receptor

containing adaptor molecule (TlCAM)-I, also known as TIR domain-containing adaptor 

inducing IFN-~ (TRIF), functions in concert with TLR3, and possibly TLR4, to induce 

interferon-~ production by activating interferon regulatory factor-3 (Yamamoto et al. 2002; 

Oshiumi et al. 2003) (reviewed in (Cook et al. 2003)) (Figure 6.1-3). TLR signalling is 

modulated by lRAK-M, which inhibits cell signalling by preventing dissociation of 

phosphorylated lRAKI and lRAK4 from MyD88. The suppressor of cytokine signalling 
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(SOCS)-l protein also inhibits the response to endotoxin (Kinjyo et al. 2002; Kobayashi et at. 

2002; Nakagawa et al. 2002) . 

FIGURE 6.1-3: Toll-like receptor signalling pathu;Cl)s. Toll-like receptors (ILRs) bind different ligands, but each TLR 
signals through the adaptor molecNle, MyD88, and leads to tluclear factor-KB (NF-KB) activation (show/l in yellow). 
Differential gene expression might arise through the selective use of alternative adaptor molecules (shown as circles), including 
TICAM- 1 (toll/ IL. l receptor-containing adaptor molecHle-I), TIRAP (toll/ IL. l receptor domain-colltaining adaptor 
protein) or possiblY other, unidentified proteins (ivhite circle). The TICAM- 1 pat/JlvCl) (shonJ11 in purple) results in IFN-y 
gene expression, and is MyD88-independent. MyD88-dependent responses are flegatilJeIY regulated I:Y IL receptor-

associated kinase (IRAK)M (red octagon) and suppressor of rytokine signaling (SOCS)- 1 (not shollJII). IKKE, I-KB 
kinase; IRF3, inteiferon regulatory factor 3; LBP, lipid binding protein; TANK, TRAP-associated NF-KB activator; 
TBKI, TANK-binding kinase; TLR, Toll-like receptor,· TRAP, tumour necrosis factor receptor associated factor; TNF
a (From (Cook et al. 2003)). 

Differential expression of lipopolysaccharide receptors in children from farming and non-

farming households has recently been reported, suggesting that the innate immune system 

responds to the high microbial burden of the farming environment. In a subset of the ALEX 

Study population it was shown that the blood cells of farmers ' children express higher 

amounts of CD14 and TLR-2, which are innate immune receptors for microbial compounds 
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that include endotoxin (Flo et al. 2001; Lauener et al. 2002). An increased expression of 

CD14 as well as TLR-2 was also observed in human leukocytes after treatment with 

lipopolysaccharide in vitro, which suggested that the differences found in vivo between 

farmers' and non-farmers' children mirror different degrees of exposure to such microbes or 

microbial components in the environment (Flo et al. 2001; Lauener et al. 2002) (reviewed in 

(Braun-Fahrlander 2003». 

6.1.2.2 Immune response to LPS 

TLRs have a critical role in DC maturation and induction of adaptive immune responses 

(Kawai et al. 1999; Schnare et al. 2001) by inducing the expression of costimulatory 

molecules and the priming of antigen-specific naIve T cells, leading to the activation of 

antigen-specific Thl but not Th2 immune responses. These results suggest that distinct 

pathways of the innate immune system control activation of the two effector anns of adaptive 

immunity (Schnare et al. 2001). In addition, MyD88-deficient mice also fail to produce 1FN-y 

and ovalbumin-specific 19G2a antibodies (Schnare et al. 2001). These defects are due at least 

in part to the inability of these mice to synthesise 1L-12. However, MyD88-deficient mice are 

able to produce normal amounts of antigen-specific 19GJ and 19E and higher levels of 1L-13 

than control wild-type mice (Schnare et al. 2001). These mice appear to have a selective 

defect for mounting Thl but not Th2 responses, and TLRs seem to control induction of only 

Thl-type inflammation (Schnare et al. 2001). Indeed, all the known pathogen-asssociated 

molecular pattern (P AMPs) derive from pathogens which elicit a Thl response. 

The interaction ofPAMPs with TLRs results in the release of several cytokines, such as TNF

a, IFN-y, 1L-l, 1L-6, IL-lO and IL-12.In particular, LPS is a potent inducer ofIL-12 and IFN-
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y (Gereda et af. 2000), which are cytokines that stimulate Thl-mediated immunity, and 

suppressors ofTh2 inflammatory cytokines such as IL-4, 1L-5 and IL-13. 

The above immunological mechanisms elicited by endotoxin give a framework to hypothesise 

how natural microbial exposures might have an immune modulatory and atopy-protective 

effect without the harm of infections. 

6.1.3 Apparent paradox of endotoxin 

The multitude of endotoxin exposure studies lead to conflicting results as to whether the LPS 

protects against the development of asthma and allergic sensitisation or it is a 

proinflammatory factor, leading to asthma exacerbations, airway inflammation and chronic 

airway diseases. At first glance, the ability of endotoxin to have both an exacerbating as well 

as ameliorating effects seems to suggest a paradox; however two important factors, timing or 

age of exposure and dose of LPS, may play an important role in goveming the augmentation 

or amelioration of atopic diseases. 

6.1.3.1 Timing of endotoxin exposure 

The timing of the exposure to LPS seems to be important in inducing a protective effect. In 

both animal models and studies in humans, exposure to endotoxin early in life, during the 

development of the immune system, seems to be most important in providing protection 

against the development of allergic disease. Clinical studies have shown that children who are 

placed in daycare within the first six months of life are less likely to have asthma and 

recurrent wheezing in later childhood (Ball et af. 2000). In a rural study, exposure to stables 

before the first birthday is associated with protective effects (Riedler et af. 2001) and early 
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endotoxin exposure is positively associated with the proportion of Th I cells at the age of two 

years (Bolte et a1. 2002). The ALEX Study Group carried out a cross-sectional study that 

showed that the risk of asthma or atopic sensitisation was reduced to approximately one third 

if the child had fIrst been exposed to stables during the fIrst year of life compared with the 

fIrst exposure to stables during school age or with no exposure (Riedler et al. 200 I). Pet 

exposure before one year of age was associated with less allergic sensitisation and later 

episodes of wheezing, but wheezing increased when exposure occurred after 3 years of age 

(Celedon et aZ. 2002; Ownby et al. 2002). In contrast, mite-sensitized volunteers with allergic 

rhinitis who were challenged with subthreshold doses of mite allergen with simultaneous low

level lipopolysaccharide exposure (l Mg) showed greatly augmented eosinophilic 

inflammation in the nasal lavage (Eldridge et al. 2000). 

Although murine experiments are limited in the extent to which the results may be relevant to 

humans, they have given valuable insight into the role of the timing and dosage of 

lipopolysaccharide in the process of allergic sensitisation. In BALB/c mice - known to be 

genetically determined to have a high Th2 response - systemic LPS administration before 

allergen sensitisation reduced total and specifIc IgE serum levels, Th2 cytokine production 

and the extent of airway eosinophilia. However, if endotoxin exposure was delayed until 

several days after allergen sensitisation endotoxin promoted a more robust IgE response 

(Gerhold et al. 2002). In another rodent model, a single dose of nebulized LPS was 

administered at different time-points relative to the induction of allergen sensitisation that 

leads to allergic inflammation in these animals. If LPS was administered before or shortly 

after allergen sensitisation, lung inflammation and airways hyperresponsiveness were 

abrogated. When lipopolysaccharide was administered at later time-points after allergen 

sensitisationhowever, lung inflammation was markedly increased (Tulic et aZ. 2000). 

218 



6.1.3.2 Dose of LPS 

The dose of endotoxin can also playa decisive role in modifying the risk of atopy. The notion 

of a dose-dependent effect has been supported by a number of recent studies. The Childhood 

Allergy Study showed a dose-response relationship of lowering allergic sensitisation with 

increasing number of pets (Ownby et al. 2002). Two or more pets were needed before a 

fourfold benefit was demonstrated (Ownby et al. 2002). A strong Th2 response was generated 

when ovalbumin was combined with a low dose of endotoxin. By contrast, a neutrophilic Th I 

response and protection against BHR resulted when the ovalbumin allergen was combined 

with higher doses of endotoxin. Thus, the dose of endotoxin present during allergen 

sensitisation determined Th2-pro-asthmatic versus ThI-asthma-protective response. Low 

level inhaled LPS signalling through TLR4 induces Th2 responses to inhaled antigens in a 

mouse model of allergic sensitisation (Eisenbarth et al. 2002). The mechanism by which LPS 

signalling results in Th2 sensitisation involves the activation of dendritic cells. In contrast to 

low levels, inhalation of high levels of LPS with antigen results in Thl responses. These 

studies suggest that the level of LPS exposure can determine the type of inflammatory 

response generated and provide a potential mechanistic explanation of epidemiological data 

on endotoxin exposure and asthma prevalence (Eisenbarth et al. 2002). Again, a high dose of 

LPS during intranasal ovalbumin priming resulted in a ThI-associated response, with the 

production of IFN-y, neutrophilic airway inflammation and the production of ovalbumin

specific ThI isotype antibodies (Eisenbarth et al. 2002). 

No study to date has defined the precise levels or nature of endotoxin where the switches 

occur, and it may be co-dependent on other environmental exposures. 

Besides the epidemiological role of LPS in preventing allergic diseases, as postulated in the 

'hygiene hypothesis', the importance of studying the interaction between LPS and allergens is 
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of relevant for the treatment of allergic diseases. Indeed, a non-toxic LPS analogue, 

Monophosphoryllipid A, MPL@; (Corixa Corporation, Seattle, WA, USA) has been developed 

and is being tested in clinical trials as an adjuvant in immunotherapy. 

Monophosphoryllipid A (MPL ®), can induce increases in IL-12, lFN-y, and decreases in IL-5 

consistent with immune deviation in favour of a Th I-phenotype. 

Immunization strategies utilizing MPL ® alone or in combination with other adjuvants have 

been successfully employed to enhance responses to a variety of antigens (Schneerson et al. 

1991; Baldridge et af. 1999; Baldrick et af. 2001; Baldrick et al. 2002; Evans et al. 2003; 

Baldrick et af. 2004; Puggioni et af. 2005). Recently, MPL ® has been used as an adjuvant in a 

successful vaccination preparation used for grass and tree-pollen immunotherapy (Wheeler et 

af. 2001; Drachenberg et al. 2003; Puggioni et af. 2005; Thompson et af. 2005). MPL ®, in 

conjugation with modified whole grass pollen (allergoid), reduced allergic symptoms in 

patients suffering from hay fever (Wheeler et af. 2001). In the murine system, MPL(~) can 

promote activation of antigen-presenting cells (APC) in vitro. Pretreatment of APC with 

MPL ® increased their immunostimulatory properties and resulted in the increased production 

of IFN-y, IL-4 and IL-5 by B-cells and macrophages. The MPL also has the ability to up

regulate expression of co-stimulatory molecules on APC. Similarly to LPS, the effects of 

MPL on allergen-induced responses occurs through the binding to the TLR-2 and TLR-4, 

with generation of 1L-12 production by monocytes which induces allergen-stimulated T cells 

to preferentially produce lFN -y . 
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6.1.4 Aims and hypothesis 

Although several epidemiological studies suggest that LPS is able to either exacerbate or 

prevent allergic asthma, based on timing and dose of exposure, there is little direct evidence 

linking dose and timing of LPS exposure to responses to allergen challenge in humans either 

in vivo or in vitro. 

The aim of this study was to assess the effect of LPS on allergen-induced cytokine response 

by PBMC from patients with mild atopic asthma. In particular, three aspects were evaluated: 

1. The effect of increasing concentrations of LPS on allergen-stimulated PBMC 

2. The effect of timing of LPS exposure in relation to allergen challege in vitro 

3. The importance of the generation of a Thl response in preventing Th2 cytokine generation 

in response to allergen. 

LPS in known to be a potent inducer of IL-12 in vitro. As IL-12 is also a potent inducer of 

Thl responses, I hypothesised that IL-12 production by LPS/allergen-stimulated PBMC 

varies with the timing of LPS stimulation in relation to allergen challenge and the dose of 

LPS. The production of IL-12 - with higher levels obtained at high doses of LPS and when 

PBMC are pre-exposed to LPS - would down-regulate the magnitude of Th2 cytokines 

generated in response to allergen stimulation. 
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6.2 METHODS 

6.2.1Study Design 

Experiments were carried out according to the following protocol. 

LPS ± anti IL-12 LPS+Der p Der p 

DayO~ ~ ~ 
I Pre- exposure I I Co- culture I I Pre-stimulation 

Derp Medium LPS 

DaY 2~ ~ ~ 
DaY7~ ~ ~ ~ ~ ~ 

Harvest 
ELISA for IL-S, IL-13, IFN-y, IL-12 

FIGURE 6.2-1: Experimental Design 

PBMC from each patient were separated in four aliquots . The fIrst aliquot was used for the 

pre-exposure experiments where cells were stimulated with LPS in the presence or absence of 

anti-IL-12 monoclonal antibodies. After 24 hours PBMC, were stimulated with Der p and 

cultured for a total of seven days (Figure 6.2-1) . This culture model is referred to as LPS-7 Der 

p in this Chapter. 
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The second aliquot was used for the co-culture experiments where cells were stimulated with 

LPS and Der p and cultured for a total of seven days (Figure 6.2-1). This culture model is 

referred to as LPS+Der p in this Chapter. 

The third aliquot was used for the pre-stimulation experiments where cells were stimulated 

with Der p. After 24 hours PBMC were stimulated with LPS and cultured for a total of seven 

days (Figure 6.2-1). This culture model is referred to as Der p -7 LPS in this Chapter. 

The fourth aliquot was used for parallel experiments where cells were stimulated with Der p 

and IL-12. 

6.2.2 Subjects 

Eight atopic asthmatics with mild asthma participated in the study. The subjects satisfied the 

general inclusion criteria as described in 2.1.2. 

6.2.2.1 Peripheral blood mononuclear cells (PBMC) 

Blood was drawn into heparinised tubes. PBMC were isolated as described in 2.3.6.1 and 

cultured as described in 2.2.6.3. 

6.2.2.2 Solid phase sandwich Enzyme Linked-Immunosorbance Assay 

(ELISA) 

ELISA was performed as described in 2.2.7. 
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6.2.2.3 Statistics 

All statistical analyses were perfonned using InStat® version 3 for Windows (GraphPad™ 

Software Inc.). Data were analysed for distribution with the Kolmogorov-Smimov test. 

Multiple comparison analysis was perfonned by one-way ANOV A. Time-course and dose

response of experiments run in parallel were analysed using repeated measures ANOV A. 

When indicated, post hoc analysis was perfonned by Bonferroni multiple comparison test. 

Repeated measure Friedman's Test was used for non-parametric mUltiple comparison analysis 

with Dunn's test for post hoc between-group analysis. For all tests p<O.05 was considered 

statistically significant. 

6.3 RESULTS 

LPS in known to be a potent inducer of IL-12 in vitro. As IL-12 is also a potent inducer of 

Thl responses, I hypothesised that IL-12 production by LPS/allergen-stimulated PBMC 

varies with the timing of LPS stimulation in relation to allergen challenge and the dose of 

LPS. The highest production of IL-12, being generated with high doses of LPS and when 

PBMC are pre-exposed to LPS, would down-regulate the magnitude of Th2 cytokines 

generated in response to allergen stimulation. 

6.3.1 Effects of pre-exposure to LPS on allergen-induced 

IL-12 and IL-5 synthesis 

PBMC secreted high concentrations ofIL-12 in response to LPS~Der p compared to Der p 

alone (mean±SD 4,874±820 pglml vs 478±l03 pglml; p<O.OOl). To test the hypothesis that 

high dose of LPS has a greater down-regulating effect on Th2 response by inducing greater 
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production oflL-12, I carried out concentration-response experiments where PBMC were pre

incubated with increasing concentrations of LPS (10 ng/ml, 100 ng/ml and 1 ~lg/ml) and, 

following 24 hours of culture, they were stimulated with allergen at doubling concentrations 

of 5,000, 10,000 and 20,000 SQ units/ml, (Figure 6.3-1). There was no difference in the 

concentration of IL-12 measured in the culture supernatants when using the low or high dose 

of LPS/low dose allergen (4,771±1,446 pg/ml vs 4,874±820 pg/ml; p>0.05) (Figure 6.3-1). 

Similarly, there was no difference in the concentration of IL-12 in supernatants of cells 

stimulated with low or high dose of LPS/high dose allergen (5,517±249 pg/ml vs 5,742±296 

pg/ml; p>0.05), (Figure 6.3-1). The difference between high and low dose of allergen was 

also not significant. 

When looking at the effects of LPS in pre-exposure experiments on IL-5 response, stimulation 

with allergen caused a significant increase in IL-5 production, as also seen in Chapter three. 

Pre-exposure to LPS caused a significant inhibition of IL-5 both at low dose (104±64 pg/ml 

vs 343±239 pg/ml; p<0.05) and at high dose ofLPS (74±35 pg/ml vs 343±239 pg/ml; p<O.Ol) 

(Figure 6.3-2). 
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concentration dependence ofL? S 's effect on subsequent allergen challenge (Derp, 5000 SQU / 1l1~ . Bars depict mean ± 
SD, (n=8). *** p<O.OOl. 

226 



-E -C) 

Co -....., 
Lt') 

I 

..J 
~ 

-
E -C) 
Co -

Derp 

500 

450 

400 

350 

300 

250 

200 

150 

100 

50 -

-o-Medium 

_LPS 10 ng/ml 

-.-LPS 100 ng/ml 

--+-LPS 1000 ng/ml 

o ~----------------------------------

o 5,000 10,000 20,000 
[Der p] (SQU/ml) 

450 

400 

350 

300 

250 

200 

150 

100 

50 

o --'----_-----L __ 1-

+ + + + 

LPS (ng/ml) 10 100 1000 

FIGURE 6.3-2. Effects ofLP S pre-exposure on IL-5 {Jnthe.ris in Der p-stiJlJulated PBMe from atopic asthmatic donors 
(n=8) (Model LPS -7 Der p). Upper panel shOllJS a concentration-related dfect o/LPS 10 l1m/ ml (II), 100 ng/ ml (~) 
1000 ng/ ml (+ ), given 24 hours bifore challenge, on responses to doubling doses 0/ Der p . LOJlJer panel sho]])s to the 
concentration dependence of LP S's dfect on sllbsequent allergm challenge (Der p, 5000 SQU / m1 . Bars depict 1JJean ± 
SEM, (1t=8). *p<0.05; ** p<O.OI 

227 



6.3.2Effects of co-exposure to LPS and allergen on IL-12 

and IL-5 synthesis 

Similarly to the pre-exposure experiments, PBMC secreted high concentrations of IL-12 in 

response to LPS+Der p compared to Del' palone (mean±SD 4,357±929 pg/ml vs 482±122 

pglml; p<O.OOI). To test the hypothesis that high dose of LPS has a greater down-regulating 

effect on Th2 responses by inducing higher a concentration IL-12, I carried out concentration

-response experiments as described above with the exception that PBMC were co-incubated 

with increasing concentrations of LPS and doubling concentrations of Del' p (Figure 6.3-3). 

There was no difference in the concentration of 1L-12 measured in the culture supematants 

when using the low or high dose of LPS/low dose allergen (4,357±929 pglml vs 3, 788±1, 152 

pglml; p>O.05) (Figure 6.3-3). LPS caused a small but non-significant inhibition of IL-5 both 

at low dose (211±102 pg/ml vs 453±459 pglml; p>O.05), and high dose (220±180 pglml vs 

453±459 pg/ml; p>O.05) (Figure 6.3-4). 
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6.3.3 Effects of LPS on PBMC pre-stimulated with allergen 

In contrast to the results described in the previous two experimental conditions, pre-exposure 

with allergen (Der P-7 LPS model) caused a reduction in the levels of IL-12 generation 

compared to LPS alone both at low dose LPS/low dose allergen (mean±SD 3,006±1,229 

pg/ml vs 4,202±1,787 pg/ml; p<O.OS) and at high dose LPSlhigh dose allergen (2,7S0±1,994 

pg/ml vs S,OSO±l,394 pg/ml; p<O.OS), (Figure 6.3-5). LPS caused inhibition of IL-S secretion 

both at low dose (293±141 pg/ml vs 4S3±4S9 pg/ml; p>O.OS), and high dose (237±143 pg/ml 

vs 4S3±4S9 pg/ml; p>O.OS) (Figure 6.3-6). 

6.3.4LPS exerts differential effects on allergen-induced 

cytokine response depending on the timing of exposure 

The different timing ofLPS exposure showed that IL-12 induction was greater when PBMC 

were exposed to LPS 24 hours prior to allergen stimulation (p=O.02, ANOV A) with an 

increase above Der p-stimulated levels of 4,293±1,497 pg/mI. This increase was significant 

when compared to pre-exposure to allergen (2,S23±38.4 pg/ml; p<O.OS) and was greater, 

although not significantly so, than the co-culture conditions in which there was an increase in 

II.r12 (3,874±1,009 pg/ml (p>O.OS) (Figure 6.3-7). Similarly, the degree of inhibition ofIL-S 

was dependent on the timing of exposure to LPS in relation to allergen stimulation. The 

greatest inhibition of SS±33% was achieved when PBMC were exposed to LPS 24-hours prior 

to allergen stimulation (p=O.04, ANOVA) compared to pre-exposure to allergen S.7±38.4%, 

(p<O.OS) and co-culture condition 32.4±37.2%; (p>O.OS) (Figure 6.3-7). 
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6.3.5The effects of LPS on allergen-induced cytokine 

synthesis are dependent on IL-12 

The requirement for IL-12 in the LPS induced down-regulation of the Th2 response to 

allergen was confirmed with neutralising experiments in which blocking anti -IL-1 2 antibodies 

were used. In these experiments LPS caused a significant down-regulation in IL-5 generation 

in response to allergen (mean±SD 99±22 pg/ml vs 453±145 pg/ml; p<O.OOl) (Figure 7.3-8) as 

well as IL-13 (119±26 pg/ml vs 619±106 pg/ml; p<O.Ol) (Figure 7.3-8). In contrast, the 

concentration ofIFN-y increased (472±81 pg/ml vs 303±115 pg/ml; p<O.05) (Figure 7.3-8). 
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Anti-IL-12 antibodies were able to partially restore IL-5 concentrations in culture (De,. p + 

LPS + anti-IL-12 vs Del' p, 337±78 pg/ml vs 452±145 pg/ml; p>0.05) (Del' p + LPS + anti

Ilr12 vs Del' p + LPS, 337±78 pg/ml vs 99±23 pg/ml; p< 0.05) (Figure 7.3-8). These 

amounted to reversal of Ilr5 production of 75 % of levels produced in response to De,. p 

alone. 

Anti-IL-12 antibodies were also able to reverse the LPS-induced IL-13 inhibition (Der p + 

LPS + anti-IL-12 vs Der p, 443±78 pg/ml vs 619±106 pg/ml; p>0.05) (Del' p + LPS + anti

Ilr12 vs Der p + LPS, 443±78 vs 120±26 pg/ml; p< 0.05) (Figure 7.3-8). These amounted to 

reversal oflL-5 production of 72 % oflevels produced in response to Der palone. 

IFN-y synthesis was completely inhibited by anti-IL-12 antibodies, showing that in this 

system, IFN-y production was entirely IL-12 dependent (Der p + LPS + anti-IL-12 vs Der p, 

85±16 pglml vs 303±115 pglml; p>0.05) (Der p + LPS + anti-IL-12 vs Del' p + LPS, 85±16 

pglml vs 472±81 pglml; p<O.Ol) (Figure 7.3-8). 

6.3.6The effects of LPS on allergen-induced cytokine 

synthesis are not dose-dependent 

As demonstrated above the effects of LPS in any set of experimental conditions (LPS-7Der p; 

LPS+Der p; Der P-7 LPS) were not dependent on the concentration used and no differential 

effects on 1L-12 and IL-5 were demonstrated using low vs high dose of LPS, (Figure 6.3-1, 

Figure 6.3-2, Figure 6.3-3, Figure 6.3-4, Figure 6.3-5, Figure 6.3-6, Figure 6.3-7). 
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6.3.7 Discussion 

The purpose of the work presented in this Chapter was to assess (i) the ability of LPS to 

down-regulate allergen-induced Th2 responses in vitro and (ii) the effect of the concentration 

of LPS and timing of exposure in relation to allergen stimulation on in vitro cytokine 

response. 

Epidemiological studies show that LPS exposure prior to allergen sensitisation prevents the 

development of atopic diseases (Ball et af. 2000; Riedler et af. 2001; Bolte et af. 2002). 

Similarly, animal experiments show that LPS can inhibit Th2 responses, IgE synthesis and 

BHR following allergen challenge while the exposure to a single aerosol exposure to LPS one 

day before and up to four days after intraperitoneal injection of allergen protects against the 

development of allergen-specific IgE (Tulic et af. 2000). In contrast, LPS exposure after 

sensitisation further exacerbates the allergen-induced neutrophilia with no effect on serum 

IgE levels (Tulic et af. 2000). Furthermore, systemic LPS administration before allergen 

sensitisation reduced allergen-specific IgE serum levels, Th2 cytokine production and the 

extent of airway eosinophilia (Gerhold et af. 2002). Local LPS administration to sensitized 

mice before airway allergen challenges was able to induce IFN-y production by peribronchial 

lymph node cells in vitro associated with reduced airway eosinophilia (Gerhold et af. 2002). 

These data are in accordance with the results presented in this Chapter which show that if 

PBMC are exposed to LPS 24 hours prior to allergen stimulation, LPS is able to down

regulate Th2 cytokines lL-5 and lL-13. Pre-exposure to LPS also achieved the greatest lL-12 

synthesis throughout the concentration-range of LPS. 

While the data on LPS pre-exposure seem to accord with a protective effect of LPS on the 

development of the allergic phenotype in vivo or in vitro, the data on co-administration LPS 

and allergen are conflicting. In contrast to animal data showing that the co-administration of 
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LPS and allergen decreases IgE production and BHR following allergen challenge (Watanabe 

et al. 2003), in this experimental model I found no statistical difference in the IL-5 and IL- 13 

inhibition between co-colture experiments (PBMC stimulated with allergen and LPS at the 

same time) and pre-stimulation with allergen. However, other animal studies using different 

routes of administration and types of LPS have shown that LPS in addition to allergen has no 

effect on Th2 response (Nakstad et al. 1999), can decrease Th1 response but not Th2 cytokine 

production (Lauw et al. 2000) or can amplify IL-5 synthesis (Matsui et al. 2001). Other 

studies have even shown a synergistic effect between LPS and IL-4 in the synthesis and 

release of the chemotactic factor for eosinophils, eotaxin (Nonaka et al. 2004), with the 

promotion of tissue eosinophilia through the increase of eosinophil chemotaxis via CCR3 

receptor activation (Penido et al. 2001) and enhanced eosinophil survival (Meerschaert et al. 

2000). The discrepancy among published studies and between these and the data presented in 

this thesis may reflect differences in experimental models (human vs animal; whole blood vs 

PBMC), difference in the stimulus used (CD3/CD28 vs allergen) and differences in the strain 

of LPS used (e.g. H. injluenzae vs E.coli), as well as the route of administration (intra

venously; intra-peritoneally; aerosol; ex vivo, in vitro). 

The second aim of this Chapter was to test the hypothesis that different doses of LPS exerted 

a differential effect on allergen-induced T cell response. Epidemiological studies suggest that 

the level of exposure to LPS could be as important as the timing of exposure in preventing 

allergic response. Epidemiological data in humans support a differential effect of the level of 

endotoxin exposure and the incidence of lung disease and severity (Eisenbarth et al. 2002; Liu 

2002). Eisenbarth et ai, showed that allergen exposure in the presence of high dose LPS fails 

to induce Th2 cells, but instead induces IL-12 production and a Thl response. By contrast, 
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low dose LPS is not sufficient to induce Thl cells but is required to induce Th2 inflammation 

(Eisenbarth et al. 2002). The concentration-response data in this Chapter do not support the 

concept of differential regulatory properties of LPS on T cells. Indeed, there was no difference 

in the degree of inhibition IL-5 between the lowest and the highest dose of LPS used in 

culture. 

It is possible that the lowest concentration of LPS used in this Chapter was already supra

maximal, with consequent loss of concentration-dependency. It is also difficult to compare the 

equivalence between LPS concentration (ng/ml) used in vitro and LPS activity measured in 

Endotoxin Units as reported in epidemiological studies. The other possible explanation is that 

different routes of administration may elicit different patterns of cytokine responses 

responsible ofTh2 down-regulation (e.g. IL-I0 or TGF-~ production). Furthermore, the dose 

of LPS in the environment can be related to the presence of different doses of other 

compounds such as bacterial DNA, which in tum may have a differential effect on ThllTh2 

regulation. 

The fact that LPS exposure upregulates the production ofIL-12 and Thl cytokines in human 

T cells (Kobayashi et al. 1989) and dendritic cells (Jotwani et al. 2003) is well known. For 

this reason, LPS has been used as a stimulus to induce Thl responses in vitro (Itazawa et al. 

2003). Human explant models also confirm that LPS can upregulate the number of CD3+ 

cells, and stimulates T cell proliferation and the production of Ilr12 (Tulic et al. 2002). 

Animal studies show that the effects of LPS on allergen sensitisation and eosinophilic airway 

inflammation are inhibited by administration of anti-Ilrl2 antibodies before LPS exposure 

(Gerhold et al. 2002). These animal studies are in accordance with the results of neutralisation 

experiments presented in this thesis which show that the effects of LPS are, at least in these 
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experimental conditions, IL-12 dependent as demonstrated by the fact that anti -IL-12 

antibodies reverse the inhibitory effects of LPS on IL-5 and IL-13 synthesis. 

By contrast, other studies show that the level of IL-12 production by DC did not correlate 

with Thl development, and the capacity of LPS to reduce Th2-dependent eosinophilic airway 

inflammation was IL-12-independent, suggesting that LPS reduces sensitisation to inhaled 

antigen by reducing the DC-driven Th2 development (Kuipers et al. 2003). Intranasal 

administration of neutralizing anti-IL-12 at the time of high-dose LPS challenge reduced lung 

IL-l2 and IFN-y but did not affect the levels of Th2-type cytokines or BHR, suggesting that 

the amelioration of airway hyperresponsiveness observed in LPS-treated, allergen-sensitised 

mice is coincident with an immune deviation of the lung inflammatory response, independent 

ofIL-12 (Lundy et al. 2003). 

Another aspect of the effects of endotoxin on allergic phenotype is the fact that the 

relationship between the two may not necessarily be one of cause and effect. In other words 

endotoxin may represent a surrogate marker of other molecular bacterial structures (e.g. 

bacterial DNA, heat shock protein) that can directly activate the innate immune system by 

signalling through pattern recognition receptors such as toll-like receptors (TLRs) (Song et al. 

2003). This is supported by Roy et al. who report that stimulation with both endotoxin and 

farm bam DNA rich in bacterial DNA synergistically potentiated IL-IO and IL-12 responses 

(Roy et al. 2003) whereas dust from urban homes (low in bacterial DNA content) did not 

potentiate IL-lO and IL-12 responses (Roy et al. 2003). 

Along with immune deviation with activation of Thl response, immune regulation with 

activation of Treg cells can take place and has been described in association with LPS 
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exposure (Caramalho et al. 2003). This hypothesis has not been specifically tested in this 

Chapter. 

The importance of studying the interaction between LPS and allergens has wider implications 

which go beyond understanding the immunological basis of the 'hygiene hypothesis', and are 

of importance in the treatment of allergic diseases. Indeed, non-toxic LPS analogues 

(Monophosphoryl lipid A, MPL ®, Corixa Corporation, Seattle, W A, USA) have been 

developed and are being tested in clinical trials as adjuvants in immunotherapy. 

Monophosphoryl lipid A (MPL®), is a 3-deacylated MPL, derived from the 

lipopolysaccharide (LPS) of Salmonella minnesota R595. Whilst MPL retains the 

immunostimulatory properties of the parent molecule it does not have its inherent toxicity. 

MPL can promote Thl responses, which are mediated by the induction ofIFN-y in a IL-12-

dependent fashion, while down-regulating the Th2-response, as shown by a reduction in IL-5 

synthesis. The results presented in this Chapter, show also that the pattern of cytokines 

elicited by LPS in allergen-stimulated cultures is similar to that of the synthetic lipid A 

Similarly to my study, the effects of MPL®, in allergen-stimulated cultures, were dependent 

on IL-12 but not on the synthesis ofiL-IO. 

In conclusion, I have shown that LPS, when administered before allergen stimulation, down

regulates Th2 cytokine response and achieves the greatest increase in IL-12 production and 

reduction in IL-5. These effects seem IL-12 mediated, although involvement of Treg cells and 

IL-lO has not been tested and cannot be excluded. 
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CHAPTER SEVEN 

Conclusions and future directions 
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7.1 CONCLUSIONS AND FUTURE DIRECTIONS 

Down-regulation of allergen-induced T cell responses by blocking IL-4 

Epidemiological studies have shown an increase in the prevalence of asthma and other related 

allergic disorders with a striking difference in prevalence between nations and between urban 

and rural environments. As described in Chapter one, allergic asthma is the result of a type 2 

T helper (Th2) cell-mediated immune response against 'innocuous' environmental antigens 

(allergens). Numerous studies now support the critical role ofTh2 cytokines, such as IL-4, IL-

5, IL-9 and IL-13, in the initiation, maintenance and amplification of human allergic 

inflammation (Romagnani 2004). 

Th2 cells represent one end of the spectrum of T helper cell polarisation in response to 

antigens; on the other end of the spectrum are Thl cells, which synthesise IFN-y. T helper 

cells are thought to be able to cross-regulate each other and based on this concept a number of 

possible treatments for allergic disorders have been tested with the aim either of potentiating 

Thl responses (e.g. administration ofIL-12 or IFN-y), which in tum, down-regulates the Th2 

response to allergen, or of neutral ising Th2 cytokines (anti-IL-5, anti-IL-4) or their receptors. 

Based on the 'Th2 hypothesis' of allergy I have used a soluble form ofIL-4 receptor (sIL-4R), 

which, by competing with the membrane-bound counterpart, binds IL-4 in solution and 

prevents the post-receptor signalling cascade leading to cell activation and gene transcription. 

With the experiments described in Chapter three, I have shown that sIL-4R was able to down

regulate Th2 cytokine responses to allergen in vitro, as shown by an inhibition ofIL-5 and IL-

13 to a degree comparable to blocking antibodies against IL-4 and IL-4R. Soluble IL-4R, at 

the concentration used to maximally inhibit IL-5 did not up-regulate IFN-y production. An 
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mcrease m the concentration of IFN-y, was however demonstrated when higher 

concentrations of sIL-4 were used. 

The down-regulation of Th2 cytokines was not secondary to a reduced survival of PBMC 

with sIL-4R, as demonstrated by proliferation assays. This could mean that IFN-y generation 

may not be the sine qua non for Th2 down-regulation. Alternatively, it is possible that the two 

phenomena can both occur but each at different concentrations of sIL-4R, and different 

mechanisms may be involved. 

Although these experiments clearly show the effectiveness of sIL-4R at down-regulating an 

allergen-induced Th2 response in vitro, further experiments are necessary to clarify the 

mechanisms responsible for such an inhibition. In particular, understanding whether sIL-4R is 

able to modulate the expression of transcription factors such as STAT6, GATA-3 and c-maf, 

which control the generation of the Th2 response, and what are the effects on the Th I 

transcription factor t-bet could elucidate which mechanism - up-regulation of Thl or down

regulation of Th2 - is prevalent in this system and accounts for the inhibition in IL-5 and IL-

13. Furthermore, the differential effects exerted by different concentrations of sIL-4R deserve 

further attention to better understand whether sIL-4R can inhibit Th2 transcription factors at 

low concentration while higher concentrations are necessary to up-regulate Thl transcription 

factors. The latter scheme could have an important clinical repercussion because it would the 

selection of a dose able to reduce the exaggerated Th2 response without the potentially 

harmful consequences of inducing a Th I-mediated immune response. Flow cytometry 

experiments staining cells for intracellular cytokines (IL-4, IL-5, IL-I2, IFN-y) in association 

with surface markers for T cells (CD3, CD4, CD8) could give us data on the population of 

cells involved in the observed changes in immune response following treatment with sIL-4R. 

Intracellular cytokine staining by F ACS will also clarify whether the inhibition of IL-4 causes 
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a reduction in the number of cells secreting lL-4 and IL-5, as well as IFN-y, or the intensity of 

cytokine synthesis per cell. Further studies are needed on the effects of sIL-4R on the 

activation of transcription factors for Th2 cytokines - GA TA-3 and ST AT6. As an IL-4 

antagonist, sIL-4R should be able to block GATA-3 and STAT6 activation and prevent their 

binding to DNA responsive elements. Furthennore, the ability of sIL-4R to inhibit 

preferentially the IL4R cytokine transcription pathway rather than the apoptotic pathway 

should be further evaluated. Analysis of the effects ofIL-4 inbibition on the bc1-2 family of 

pro- and anti-apoptotic molecules as well as on Caspases during cytokine activation (Caspase-

1, -4, -5, and -13), apoptosis initiation (Caspase-2, -8, -9, -and -10), and apoptosis execution 

(Caspase-3, -6, and -7) will provide us with a better understanding of the molecular actions of 

sIL-4R. 

The ultimate goal should be to understand whether, and to what extent, the effects of sIL-4R, 

are dependent on allergen specific cells or it has a by-standard effect and therefore can down

regulate Th2 response to multiple allergens in poly-sensitised atopic patients. This should be 

tested in in vito or in in vivo animal experiments using a single dose of slL-4R followed by 

repeated challenge experiments with different allergens and analysing the T cell phenotype 

and cytokine response. In the presence of a significant by-stander effect, we would expect a 

Th2 cytokine production which remains low for different allergens. 

Experiments in which animals sensitised and challenged with an allergen are treated with sIL-

4R, then receive a T cell transfer (using cells from animals sensitised to a different allergen). 

On re-challenge with the second allergen we would also expect a low Th2 activation 

compared to untreated, challenged animals. 
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Down-regulation of Th2 responses by mechanisms mimicking those 

believed responsible of the 'Hygiene Hypothesis' 

Over the last decade, studies have shown that modifications of the pattern of microbial 

exposure during childhood, are represent a critical factor underlying the rising prevalence of 

atopic disorders ('hygiene hypothesis '). Although most of the initial evidence came from the 

observation on the inverse relationship between allergy and infectious diseases such as 

hepatitis A, measles and tuberculosis, it appears now that the microbes more likely to 

contribute to the 'hygiene hypothesis' and prevent allergic diseases are the innocuous 

environmental commensal bacteria that have evolved with the human race (Rook et af. 2003; 

Rook et af. 2004). These 'old friends' are likely to be represented by saprophytic 

mycobacteria, lactobacilli and helminths (Rook et af. 2003; Rook et af. 2004). 

To test the hypothesis that the non-pathogenic Mycobacterium vaccae could reduce airway 

inflammation, bronchial hyperresponsiveness following allergen challenge and the Th2 

cytokine response of in vitro-challenged PBMC, I conducted a clinical trial where M vaccae 

(in the form of SRLl72) was administered intradermally. As described in Chapter four M 

vaccae was able to cause a reduction in the area under the curve (AUC) of FEY] plotted 

against time during the LAR and a decrease in the maximum fall in FEY], although this failed 

to reach conventional statistical significance versus placebo. The M vaccae treated group 

showed a trend towards reduction in Ilr5 synthesis in vitro and serum IgE levels three weeks 

post-treatment. 

This study was the first to test M vaccae as a treatment for asthma. Some elements of the 

design of this trial could be modified to improve future clinical trials with M vaccae. In 

particular, using the data generated by this study, a more accurate calculation of sample size 

can be obtained. It is possible that larger clinical studies are necessary to reduce the noise-to-
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signal ratio and show a significant difference between M vaccae and placebo. When I started 

this study, no data were available on the time-course, dose and number of administration 

(single vs. multiple injections) of M vaccae needed to demonstrate a change in the clinical 

and immunological outcome parameters. Therefore, a larger trial, possibly with three arms 

(placebo vs. single dose vs. multiple doses), could clarify the influence of these factors on the 

observed results. 

To understand the mechanisms responsible for the observed changes in the allergen challenge 

parameters as well as the tendency towards down-regulation in IL-5 and IgE, I studied the in 

vitro effects of M vaccae (SRP299) on cytokine production by PBMC from mild atopic 

asthmatics. The results showed that SRP299 caused a potent inhibition of allergen-induced 

IL-5 and IL-13 synthesis. This effect did not involve IL-12 induction but did involve IL-I0, 

providing further evidence of the role of M vaccae in the induction of regulatory T cells. 

Furthermore, the results in Chapter five showed that the inhibitory effect of M vaccae may 

involve the generation of prostaglandins. 

The immunological mechanisms underlying the effects of M vaccae are still not entirely 

understood. Similarly, it remains unclear which components of M vaccae are responsible 

for the immunomodulatory effects of the mycobacterium. 

A possible mechanism is a shift of allergen-specific responses from the Th2 to the Th 1 

phenotype (i.e. immune deviation) caused by the production of Thl-polarising cytokines by 

cells of the innate immune system (Romagnani 1994; Romagnani 2004). More recently, the 

importance of activity of T regulatory (Treg) cells (i.e. immune suppression/regulation) has 

been emphasised (Yazdanbakhsh et al. 2002; Walker et al. 2003). 

The interactions of ligands of M vaccae with several receptors on host cells play a crucial 

role in the immune response. As discussed in Chapter one, mycobacteria express several 
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molecules that can cause cellular activation through pattern recognition receptors such as the 

mannose receptor, Toll-like receptor (TLR) 2 and/or TLR 4 on APe. M vaccae express 

mycobacterial heat-shock proteins and lipoarabinomannan (LAM). The type of LAM 

expressed by M vaccae is currently unknown. This is of importance since certain types of 

LAM activate TLR4 with generation ofIL-12, others preferentially activate TLR2, generating 

both IL-12 and IL-IO synthesis, while the mannosilated LAM (ManLAM) signals through the 

c-Iectin DC-SIGN, stimulating the synthesis ofthe regulatory cytokine IL-IO and TGF-p. The 

fact that delipidated fractions of M vaccae are ineffective in vitro and in vivo in down

regulating Th2 cytokines and improving asthma symptoms (Shirtcliffe et af. 2001; Shirtcliffe 

et af. 2003), wheras lypoglicans are able to suppress airway inflammation and down-regulate 

Th2-mediated inflammation (Sayers et af. 2004), indicates that lipids are important 

components of the M vaccae preparations and significantly contribute to its role as an 

immunomodulator. 

Other important components of M vaccae could be represented by heat shock proteins and 

bacterial DNA. Furthennore, whether LPS is present in the preparation of M vaccae and its 

role on in vitro regulation of cytokine profile is not known and deserves clarification. 

There is evidence that mycobacterial heat-shock proteins (Hsp) can stimulate CD4+CD2S+ 

regulatory T cells (Tregs) from CD4+CD2S- T cells. These newly fonned CD4+CD2S+ T cells 

express Treg-cell markers - such as GITR (glucocorticoid -induced TNF -receptor-related 

protein), CTLA4 (cytotoxic T -lymphocyte antigen 4) and CD30 - and high levels of the 

transcription factor FOXP3. Moreover, these CD4+CD2S+ T cells are capable of suppressing 

in vitro immune responses through the generation of IL-l 0, TGF -po 

HSPs can activate APCs via cell-surface receptors such as CDI4, CD40, scavenger receptors 

CD36, CD91 and LOXI (lectin-type oxidized LDL receptor 1) and can signal through TLR2 
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on both APC and T cells and therefore affect ThllTh2 phenotype (Vabulas et al. 2002; van 

Eden et al. 2005). 

It is also possible that small quantities of bacterial DNA (CpG oligodeoxynudeotides) can be 

released, activating TLR9 and contributing to IL-12/IFN-y production and the inhibition of 

the allergic Th2 response both in vivo and in vitro. 

The hygiene hypothesis has evolved to propose that ham1ful infections per se may not be as 

critical as the exposure to microbial burden in the absence of infections. 

In the last decade, a series of epidemiological studies have consistently shown a reduced risk 

of atopic disease and allergic sensitisation in children from fam1ing families (reviewed in 

(Braun-Fahrlander 2003)). In particular, exposure to livestock and stables and pets was shown 

to confer protection from allergy. This effect was thought due to higher exposure to bacterial 

lipopolysaccharide (LPS) endotoxin associated with the presence of animals. LPS is a potent 

inducer ofIL-12 and IFN-y, which are cytokines that stimulate Thl-mediated immunity and 

have the potential to down-regulate the production of Th2 cytokines such as IL-4, IL-5 and 

IL-13. 

The above immunological mechanisms elicited by endotoxin give a framework to hypothesise 

how natural microbial exposures might have an immune modulatory and atopy-protective 

effect without the harm of infections. However, LPS has been associated with both a 

protective effect on allergy and a detrimental effect in terms of promoting asthma 

exacerbations. This apparent paradox could be explained in terms of different timing and dose 

of LPS in relation to allergen stimulation. 

The aim of my study presented in Chapter six was to assess the effect of LPS on allergen

induced cytokine response by PBMC from patients with mild atopic asthma. In particular, 

three aspects were evaluated: 1) the effect of increasing concentrations of LPS on allergen-
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stimulated PBMC, 2) the effect of timing of LPS exposure in relation to allergen challenge in 

vitro, and 3) the importance of the generation of a Thl response in preventing Th2 cytokine 

generation in response to allergen. The results of these experiments show that LPS, when 

administered before allergen stimulation, down-regulates Th2 cytokine response, achieves the 

greatest increase in IL-12 production and reduction in IL-S. These effects seem IL-12 

mediated although involvement of Treg cells and IL-10 has not been tested and catmot be 

excluded. 

In Figure 7.1-1, I have summarised a model describing the effects of the exposure to 

mycobacteria and LPS on allergen-induced T cell activation and cytokine response. In the 

mode~ the consequences of blocking IL-4 using sIL-4R are also illustrated. 

Future studies will be necessary to address some of the points raised by the in vitro studies 

carried out with both M vaccae and LPS. In particular, it is important to identify all the 

components of SRP299 and SRLl72 (lipids, glycolipids, proteins, DNA) that account for the 

immunoregulatory properties exhibited by M vaccae and then test them individually in ;n 

vitro systems like the one described in this thesis. It is also important to understand the pattern 

of receptors involved in the immunoresponse to SRP299 ans SRLl72. In particular, the 

relationship between TLR4 and TLR2 needs to be better understood and the relative role of 

these two receptors should be tested with blocking antibodies against TLR. 

Very little is known regarding the role of DC-SIGN, described as receptor for ManLAM of 

virulent mycobacteria, in the recognition of saprophytic mycobacteria such as M vaccae. 

Studying the cellular distribution and regulation of expressions of this molecule after 

stimulation with allergen and M vaccae, in the presence or absence of antibodies against DC

SIGN, would clarify whether DC-SIGN plays any role in IL-10 generation induced by the 

non-virulent M. vaccae. 
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For both M vaccae and LPS, a detailed description of the cells involved in the inhibition of 

the Th2 response is necessary, with particular regard to Treg cells, secreting IL-IO and TGF

~. To this purpose, staining for IL-IO and TGF-~ together with newly identified markers 

specifically expressed by Treg cells (Table 7.1-1), will clarify the cellular source oflL-IO and 

TGF-~ . Understanding whether the expression of these molecules is modulated by M vaccae 

and LPS and their relationship with the ThllTh2 effector cytokines, may be extremely helpful 

in understanding the immunoregulatory action of bacteria. 

The studies presented in this thesis adds further controversy to the debate regarding which 

immunological mechanism is responsible for the 'hygiene hypothesis'. There is a dispute 

between those who sustain 'immune deviation' (i.e. the lack of shift Th2 to Thl) as the 

prevalent mechanism resulting in the allergy epidemic (Romagnani 2004), while others 

believe that 'immune regulation' (i.e. the lack of activation of Treg cells) is the prevalent 

pathogenic mechanism (Rook et al. 2003). A better understanding of this question is 

important not only from a theoretical point of view, but also because of its therapeutic 

implications. 
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Surface 
molecules 

Foxp3 

GITR 

CTLA-4 

4-1BB 

LAG-3 

Neuropilin-l 

Comments 

The forkhead transcription factor Foxp3 is specifically 
expressed in mouse CD4"'CD25- T cells and is required for 
their development and function. and appHars to be the most 
specific molecular marker available to date. However. Foxp3 
expression in humans may not be specific for C04+CD25+ cells 

Nonactivated C04+CD25+ T cells constitutively express GITR. 
whose engagement was presumed to abrogate regulatory 
T cell-mediated suppression 

CTLA-4 regulates CD4+CD25~ T cell function by two distinct 
mechanisms, olle during functional development of 
CD4+CD25+ T cells and the other during tt18 effector phase. 
when the CTLA-4 signaling pathway is required 
for suppression 

The 4-1 BB costimulator receptor is able to induce the 
proliferation of the C04+CD25' T cells both in intro and 
in vivo. The 4-1 BB-expanded CD4+CD25~ T cells are functional, 
as they remain suppressive to other T cells in coculture 

LAG-3 is selectively expressed on CD4+C025+ T cells, which 
modulates both the in l/itro and ill vivo suppressive function 
of CD4+CD25, T cells. and ectopic expression of LAG-3 is 
sufficient to confer regulatory activity 

Neuropilin-l is constitutively expressed on the surface 
of CD4+C025+ T cells independently of their activation status, 
and the expression of neuropilin-1 correlates with in vitro 
suppressor function of C04+C025"' T cells 

GITR, glucocorticoid-induced tumor necrosis factor receptor; CTLA-4. cytotoxic 
lymphocyte associated antigen-4. 

TABLE 7.1-1: SUiface molecules expressed on Tregs cells (From (Shi et al. 2005)) 
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Skin prick tests and Histamine challenge 
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Tab 1 e 1: summary of wheal si ze (mm x mm) for each ski n pri ck Test 

ski n Pri ck Test Active placebo 

SALINE Mean(SD) 0.5(1.7) 0.3(0.8) 

HISTAMINE Mean(SD) 24.0(14.0) 24.3(9.2) 

DUST MITE Mean(SD) 82.8(70.1) 69.8(66.1) 

DUST Mean(SD) 17.6(18.7) 12.4(10.3) 

TREES Mean(SD) 11. 3(19.9) 8.8(14.9) 

GRASS POLLEN Mean(SD) 51.0(70.3) 62.6(48.6) 

CAT FUR Mean(SD) 17.4(20.9) 13.9(16.2) 

DOG HAIR Mean(SD) 3.8 (3.8) 3.5(4.9) 

ASPERGILLUS Mean(SD) 1.6 (2.4) 1.1(2.0) 

CANDIDA Mean(SD) 0.8(1.8) 6.5(14.6) 

FEATHERS Mean(SD) 1.0(1.6) 1. 3(2 .0) 
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Table 2: summary of Histamine challenge Data 

Histamine concentration (mg/ml) 
Treatment 
Group visit Baseline 0.03 0.06 0.12 0.25 0.50 1.00 2.00 4.00 8.00 

Active Group VISIT 1 N 12 12 12 12 11 11 7 2 0 0 
Mean 3.93 3.83 3.75 3.58 3.50 3.31 3.25 3.09 

Median 4.00 3.87 3.74 3.65 3.42 3.28 3.17 3.09 
Minimum 3.20 3.07 3.20 2.62 2.91 2.67 2.29 2.92 
Maximum 4.51 4.60 4.56 4.44 4.35 4.35 3.97 3.25 
Std.Dev 0.421 0.471 0.416 0.493 0.452 0.534 0.572 0.233 

VISIT 3 N 10 10 10 10 9 7 3 0 0 0 
Mean 3.51 3.43 3.35 3.23 3.08 2.74 2.78 

Median 3.50 3.43 3.31 3.16 3.06 2.72 2.67 
Minimum 2.85 2.79 2.47 2.32 2.11 2.07 2.32 
Maximum 4.29 4.35 4.33 4.39 4.04 3.73 3.35 
Std.Dev 0.486 0.553 0.604 0.647 0.560 0.537 0.524 

VISIT 8 N 12 12 12 12 11 6 5 1 1 0 
Mean 3.28 3.27 3.21 3.12 2.84 3.07 2.59 3.39 2.97 

Median 3.22 3.13 3.05 2.87 2.62 3.11 2.20 3.39 2.97 
Minimum 2.71 2.60 2.50 2.50 2.10 2.45 2.10 3.39 2.97 
Maximum 4.20 4.21 4.24 4.23 4.09 3.92 3.67 3.39 2.97 
Std.Dev 0.500 0.529 0.516 0.551 0.681 0.571 0.680 

placebo Group VISIT 1 N 12 12 12 12 12 11 9 5 3 2 
Mean 3.72 3.65 3.63 3.43 3.35 3.15 3.05 2.81 3.03 3.14 

Median 3.57 3.58 3.57 3.44 3.20 2.87 2.85 2.54 3.05 3.14 
Minimum 2.59 2.66 2.51 2.14 2.39 2.21 1.99 1. 85 2.15 2.83 
Maximum 5.21 5.00 4.90 4.60 4.65 4.62 4.48 4.23 3.89 3.45 
Std.Dev 0.833 0.753 0.811 0.785 0.765 0.871 0.862 0.936 0.870 0.438 

VISIT 3 N 12 12 12 12 11 7 3 3 2 1 
Mean 3.17 3.10 3.05 2.93 2.73 2.81 2.99 2.64 1.97 1. 52 

Median 2.95 2.82 2.77 2.63 2.57 2.60 2.55 2.41 1.97 1. 52 
Minimum 1.94 1. 95 1. 97 1.68 1. 53 2.04 2.52 2.36 1. 76 1. 52 
Maximum 4.45 4.36 4.46 4.36 4.45 4.12 3.91 3.15 2.18 1. 52 
Std.Dev 0.818 0.839 0.849 0.854 0.899 0.722 0.794 0.442 0.297 

VISIT 8 N 11 11 11 11 11 10 6 4 3 1 
Mean 3.31 3.34 3.30 3.21 2.99 2.85 3.26 3.04 3.02 2.37 

Median 2.99 3.06 2.95 2.60 2.48 2.58 3.28 3.28 3.38 2.37 
Minimum 2.40 2.42 2.36 2.02 1.60 1. 56 2.10 1.74 2.25 2.37 
Maximum 4.71 4.70 4.68 4.56 4.43 4.18 4.21 3.87 3.43 2.37 
Std.Dev 0.890 0.900 0.918 0.955 0.986 1.001 0.772 1.009 0.667 
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Table 3 Table 26: summary of changes from Baseline in Histamine challenge Data 

Histamine concentration (mg/ml) 
Treatment 
Group Visit Baseline 0.03 0.06 0.12 0.25 0.50 1.00 2.00 4.00 8.00 

Active Group VISIT 1 N 12 12 12 12 11 11 7 2 0 0 
Mean 3.93 -2.58 -4.52 -8.83 -11.8 -16.8 -20.7 -30.9 

Median 4.00 -2.14 -5.16 -7.81 -12.8 -18.1 -22.7 -30.9 
Minimum 3.20 -10.3 -8.29 -25.1 -16.6 -24.9 -28.4 -33.9 
Maximum 4.51 2.00 1.11 -1. 55 -3.55 -3.55 -10.2 -27.9 
std.oev 0.421 2.975 2.753 6.212 3.625 5.983 6.535 4.243 

VISIT 3 N 10 10 10 10 9 7 3 0 0 0 
Mean 3.51 -2.37 -4.89 -8.47 -13.5 -23.7 -26.5 

Median 3.50 -1. 37 -4.75 -6.25 -12.0 -23.0 -28.2 
Minimum 2.85 -8.50 -19.3 -24.2 -26.0 -36.6 -29.5 
Maximum 4.29 1.40 3.23 2.33 0.00 -13.1 -21. 9 
Std.Oev 0.486 3.092 6.155 8.725 8.648 8.115 4.058 

VISIT 8 N 12 12 12 12 11 6 5 1 1 0 
Mean 3.28 -0.37 -2.35 -5.04 -13.4 -12.1 -25.2 -19.3 -29.3 

Median 3.22 -1.10 -1. 37 -2.80 -9.97 -11.7 -20.8 -19.3 -29.3 
Minimum 2.71 -4.46 -11.7 -20.3 -27.1 -21.4 -45.8 -19.3 -29.3 
Maximum 4.20 7.25 2.90 3.99 0.00 -6.67 -12.6 -19.3 -29.3 
std.oev 0.500 3.858 4.438 7.358 10.196 5.640 12.512 

placebo Group VISIT 1 N 12 12 12 12 12 11 9 5 3 2 
Mean 3.72 -1. 32 -2.40 -7.75 -9.69 -14.7 -17.3 -20.4 -20.1 -23.9 

Median 3.57 -1.03 -1.83 -7.31 -6.70 -14.7 -19.3 -15.1 -17.1 -23.9 
Minimum 2.59 -8.02 -8.92 -17.4 -25.2 -33.0 -23.2 -37.1 -28.1 -26.4 
Maximum 5.21 4.63 2.35 0.00 -0.85 -1.49 -4.48 -9.81 -15.3 -21.4 
Std.oev 0.833 3.583 3.482 5.457 7.388 9.131 7.342 11.916 6.939 3.571 

VISIT 3 N 12 12 12 12 11 7 3 3 2 1 
Mean 3.17 -2.41 -3.99 -8.28 -15.9 -15.5 -6.57 -16.0 -25.1 -41. 5 

Median 2.95 -1.16 -4.27 -7.89 -17.1 -20.5 -4.49 -11.6 -25.1 -41.5 
Minimum 1.94 -17.5 -15.0 -22 .4 -46.2 -33.3 -12.1 -29.2 -34.1 -41.5 
Maximum 4.45 6.92 5.00 1. 92 4.62 4.62 -3.08 -7.31 -16.2 -41.5 
std.oev 0.818 6.512 6.178 7.389 14.045 13 .893 4.869 11.604 12.678 

VISIT 8 N 11 11 11 11 11 10 6 4 3 1 
Mean 3.31 0.96 -0.34 -3.70 -10.7 -17.7 -15.1 -15.7 -23.8 -43.8 

Median 2.99 0.95 1.25 -1.15 -8.02 -15.7 -13.0 -13.6 -21.8 -43.8 
Minimum 2.40 -4.21 -13.7 -16.9 -34.2 -35.0 -29.4 -27.5 -30.8 -43.8 
Maximum 4.71 4.58 6.25 4.17 0.83 -3.24 -2.55 -8.29 -18.7 -43.8 
std.oev 0.890 2.616 5.048 6.894 10.119 11.447 10.047 8.354 6.267 
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Allergen Challenge Curves 
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Figure 1: Plot of FEV values during Allergen Challenge 
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Figure 6: Patient profiles of FEV values during Allergen Challenge (VIsit 7) 
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Figure 7: Patient proftles of % Fall In FEV values during Allergen Challenge (VIsit 7) 
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Figure B: Patient proftles of % Fall In FEV values during Allergen Challenge (VIsit 7) 
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Figure 9: Individual Patient profiles of % change In FEV values during Allergen Challenge 
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Agure 9: IndMduai Patient profiles of % change In FEY values during Allergen Challenge 
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Figure 9: IndMduai Patient profiles of % change In FEV values during Allergen Challenge 
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Figure 9: IndMdual Patient profiles of % change In FEV values during Allergen Challenge 
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Figure 9: Individual Patient profiles of % change in FEV values during Allergen Challenge 
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Study SR-AL-02 
Figure 9: IndMdual Patient profiles of % change In FEV values during Allergen Challenge 

Active Group Patient Number=10 

20 

10 

0 
% 

F -10 
a 
I 

-20 I 

-30 
n 

F -40 
E 
V 

-50 

-60 

-70 

0 2346 9 2 3 3 4 4 5 5 6 6 7 7 a 
0050 0 h h h h h h h 

mm m 5 5 5 5 5 
h h h h h 

Time post 25% fall In FEV 

Visit e--e--e VISIT 2 El-E3-El VISIT 7 
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Figure 9: IndMdual Patient profiles of % change In FEV values during Allergen Challenge 
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Study SR-AL-02 
Figure 9: IndMdual Patient profiles of % change in FEV values during Allergen Challenge 
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Study SR-AL-02 
Figure 9: Individual Patient profiles of % change in FEV values during Allergen Challenge 
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Figure 9: IndMduai Patient profiles of % change In FEV values during Allergen Challenge 
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Study SR - AL - 02 
Figure 9: IndMdual Patient profiles of % change In FEV values during Allergen Challenge 

20 

10 

0 
% 

F -10 
a 
I 

-20 I 

-30 
n 

F -40 
E 
V 

-50 

-60 

-70 

0 2346 
0050 

mm 

Active Group Patient Number = 6 

9 2 
0 h 
m 

Visit 

3 
h 

3 

5 
h 

4 
h 

4 

5 
h 

5 
h 

5 

5 
h 

Tlme post 25% fall In FEV 

e--e--e VISIT 2 El-E3-El VISIT 7 

6 
h 

Study SR-AL-02 

6 

5 
h 

7 
h 

7 

5 
h 

a 
h 

Figure 9: IndMduai Patient profiles of % change In FEV values during Allergen Challenge 
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Study SR - AL - 02 
Agure 9: Individual Patient profiles of % change In FEV values during Allergen Challenge 
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Study SR - AL - 02 
Figure 9: IndMduai Patient profiles of % change In FEY values during Allergen Challenge 
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Figure 9: IndMduai Patient profiles of % change in FEY values during Allergen Challenge 
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Study SR - AL - 02 
Figura 9: Individual Patient profiles of % change in FEV values during Allergen Challenge 
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Agure 9: IndMduai Patient profiles of % change In FEV values during Allergen Challenge 
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APPENDIX 3 

Adverse Effects 
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Table 1: Number of patients with each Adverse Event - Before Treatment 

Treatment Group 

Body System Adverse Event Active placebo overall 

BODY AS A WHOLE HEADACHE 4 (33.3 %) 2 (16.7 %) 6 (25.0 %) 
RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 2 (16.7 %) 3 (12.5 %) 
BODY AS A WHOLE CHILLS 1 (8.3 %) 1 (8.3 %) 2 (8.3 %) 
BODY AS A WHOLE ALLERGY REACT 1 (8.3 %) 1 (4.2 %) 

FLU SYND 1 (8.3 %) 1 (4.2 %) 
INJURY ACCID 1 (8.3 %) 1 (4.2 %) 
PAIN 1 (8.3 %) 1 (4.2 %) 

RESPIRATORY SYSTEM SINUSITIS 1 (8.3 %) 1 (4.2 %) 
SKIN AND APPENDAGES RASH 1 (8.3 %) 1 (4.2 %) 

SKIN DIS 1 (8.3 %) 1 (4.2 %) 

Table 2 Number of patients with each Adverse Event - After Treatment 

Treatment Group 

Body system Adverse Event Active Placebo overall 

BODY AS A WHOLE CHILLS 4 (33.3 %) 3 (25.0 %) 7 (29.2 %) 
BODY AS A WHOLE HEADACHE 2 (16.7 %) 3 (25.0 %) 5 (20.8 %) 
RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 4 (33.3 %) 5 (20.8 %) 
BODY AS A WHOLE CYST 1 (8.3 %) 1 (4.2 %) 

FEVER 1 (8.3 %) 1 (4.2 %) 
FLU SYND 1 (8.3 %) 1 (4.2 %) 
INJURY ACCID 1 (8.3 %) 1 (4.2 %) 
PAIN 1 (8.3 %) 1 (4.2 %) 
PAIN ABDO 1 (8.3 %) 1 (4.2 %) 
PAIN BACK 1 (8.3 %) 1 (4.2 %) 

CARDIOVASCULAR SYSTEM SYNCOPE 1 (8.3 %) 1 (4.2 %) 
DIGESTIVE SYSTEM NAUSEA 1 (8.3 %) 1 (4.2 %) 

TONGUE DIS 1 (8.3 %) 1 (4.2 %) 
MUSCULOSKELETAL SYSTEM TENDON DIS 1 (8.3 %) 1 (4.2 %) 
NERVOUS SYSTEM HYPERTONIA 1 (8.3 %) 1 (4.2 %) 
RESPIRATORY SYSTEM PHARYNGITIS 1 (8.3 %) 1 (4.2 %) 
SPECIAL SENSES PAIN EAR 1 (8.3 %) 1 (4.2 %) 
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Table 3: Number of Reports of each Adverse Event - Before Treatment 

Body System 

BODY AS A WHOLE 
BODY AS A WHOLE 
RESPIRATORY SYSTEM 
BODY AS A WHOLE 

RESPIRATORY SYSTEM 
SKIN AND APPENDAGES 

Treatment Group 

Adverse Event Active placebo 

HEADACHE 4 (21.1 %) 2 (10.5 %) 
CHILLS 2 (10.5 %) 1 (5.3 %) 
ASTHMA 1 (5.3 %) 2 (10.5 %) 
ALLERGY REACT 1 (5.3 %) 
FLU SYND 1 (5.3 %) 
INJURY ACCID 1 (5.3 %) 
PAIN 1 (5.3 %) 
SINUSITIS 1 (5.3 %) 
RASH 1 (5.3 %) 
SKIN DIS 1 (5.3 %) 

Note: Each occurrence of adverse event is counted. 
Note: Total number of adverse events reported used as denominator for percentages. 

Table 4: Number of Reports of Adverse Event - After Treatment 

Body System 

BODY AS A WHOLE 
BODY AS A WHOLE 
RESPIRATORY SYSTEM 
BODY AS A WHOLE 

CARDIOVASCULAR SYSTEM 
DIGESTIVE SYSTEM 

MUSCULOSKELETAL SYSTEM 
NERVOUS SYSTEM 
RESPIRATORY SYSTEM 
SPECIAL SENSES 

Note: Total 

Treatment Group 

Adverse Event Active placebo 

HEADACHE 4 (9.3 %) 10 (23.3 %) 
CHILLS 6 (14.0 %) 3 (7.0 %) 
ASTHMA 1 (2.3 %) 5 (11.6 %) 
CYST 1 (2.3 %) 
FEVER 1 (2.3 %) 
FLU SYND 1 (2.3 %) 
INJURY ACCID 1 (2.3 %) 
PAIN 1 (2.3 %) 
PAIN ABDO 1 (2.3 %) 
PAIN BACK 1 (2.3 %) 
SYNCOPE 1 (2.3 %) 
NAUSEA 1 (2.3 %) 
TONGUE DIS 1 (2.3 %) 
TENDON DIS 1 (2.3 %) 
HYPERTONIA 1 (2.3 %) 
PHARYNGITIS 1 (2.3 %) 
PAIN EAR 1 (2.3 %) 

Note: Each occurrence of adverse event is counted. 
number of adverse events reported used as denominator for percentages. 
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overall 

6 (31.6 %) 
3 (15.8 %) 
3 (15.8 %) 
1 (5.3 %) 
1 (5.3 %) 
1 (5.3 %) 
1 (5.3 %) 
1 (5.3 %) 
1 (5.3 %) 
1 (5.3 %) 

overall 

14 (32.6 %) 
9 (20.9 %) 
6 (14.0 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 
1 (2.3 %) 



Tab 1 e 5: Number of pati ents wi th each Adverse Event by Maxi mum rntensi ty - Before Treatment 

Active placebo overall 

Body system Adverse Event Mi 1 d Moderate Severe Missing Mild Moderate Severe Missing Mild Moderate Severe Missing 

BODY AS A WHOLE ALLERGY REACT 1 (8.3 %) 1 (4.2 %) 
CHILLS 1 (8.3 %) 1 (8.3 %) 1 (4.2 %) 1 (4.2 %) 
FLU SYND 1 (8.3 %) 1 (4.2 %) 
HEADACHE 2 (16.7%) 1 (8.3 %) 1 (8.3 2 (16.7%) 4 (16.7%) 1 (4.2 %) 1 (4.2 %) 
INJURY ACCID 1 (8.3 %) 1 (4.2 %) 
PAIN 1 (8.3 %) 1 (4.2 %) 

RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 1 (8.3 %) 1 (8.3 %) 2 (8.3 %) 1 (4.2 %) 
SINUSITIS 1 (8.3 %) 1 (4.2 %) 

SKIN AND APPENDAGES RASH 1 (8.3 %) 1 (4.2 %) 
SKIN DIS 1 (8.3 1 (4.2 %) 

Tab 1 e 6: Number of pati ents wi th each Adverse Event by Maxi mum rntensi ty - After Treatment 

Active placebo overall 

Body system Adverse Event Mild Moderate Severe Missing Mild Moderate Severe Missing Mild Moderate Severe Missing 

BODY AS A WHOLE CHILLS 2 (16.7%) 2 (16.7%) 1 (8.3 %) 2 (16.7%) 3 (12.5%) 4 (16.7%) 
CYST 1 (8.3 %) 1 (4.2 %) 
FEVER 1 (8.3 %) 1 (4.2 %) 
FLU SYND 1 (8.3 %) 1 (4.2 %) 
HEADACHE 1 (8.3 %) 1 (8.3 %) 1 (8.3 %) 2 (16.7%) 2 (8.3 %) 3 (12.5%) 
INJURY ACCID 1 (8.3 %) 1 (4.2 %) 
PAIN 1 (8.3 %) 1 (4.2 %) 
PAIN ABDO 1 (8.3 %) 1 (4.2 %) 
PAIN BACK 1 (8.3 %) 1 (4.2 %) 

CARDIOVASCULAR SYNCOPE 1 (8.3 %) 1 (4.2 %) 
SYSTEM 
DIGESTIVE SYSTEM NAUSEA 1 (8.3 %) 1 (4.2 %) 

TONGUE DIS 1 (8.3 %) 1 (4.2 %) 
MUSCULOSKELETAL TENDON DIS 1 (8.3 %) 1(4.2 %) 
SYSTEM 
NERVOUS SYSTEM HYPERTONIA 1 (8.3 %) 1 (4.2 %) 
RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 1 (8.3 %) 2 (16.7%) 1 (8.3 %) 1 (4.2 %) 2 (8.3 %) 1 (4.2 %) 1(4.2 %) 

PHARYNGITIS 1 (8.3 %) 1 (4.2 %) 
SPECIAL SENSES PAIN EAR 1 (8.3 %) 1 (4.2 %) 

317 



Table 7: Number of patients with each Adverse Event by Relationship - Before Treatment 

Active placebo overall 

Body system Adverse Event None unlikely possible probable None unlikely possible probable None unlikely possible probable 

BODY AS A WHOLE ALLERGY REACT 1 (8.3 %) 1 (4.2 %) 
CHILLS 1 (8.3 %) 1 (8.3 %) 2 (8.3 %) 
FLU SYND 1 (8.3 %) 1 (4.2 %) 
HEADACHE 3 (25.0%) 1 (8.3 %) 1 (8.3 %) 1 (8.3 %) 4 (16.7%) 2 (8.3 %) 
INJURY ACCID 1 (8.3 %) 1 (4.2 %) 
PAIN 1 (8.3 %) 1 (4.2 %) 

RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 1 (8.3 %) 1 (8.3 %) 2 (8.3 %) 1 (4.2 %) 
SINUSITIS 1 (8.3 %) 1 (4.2 %) 

SKIN AND APPENDAGES RASH 1 (8.3 %) 1 (4.2 %) 
SKIN DIS 1 (8.3 %) 1 (4.2 %) 

Table 8: Number of patients with each Adverse Event by Relationship - After Treatment 

Active Placebo overall 

Body system Adverse Event None unlikely possible probable None unlikely possible probable None unlikely possible probable 

BODY AS A WHOLE CHILLS 2 (16.7%) 2 (16.7%) 1 (8.3 %) 2 (16.7%) 3 (12.5%) 4 (16.7%) 
CYST 1 (8.3 %) 1 (4.2 %) 
FEVER 1 (8.3 %) 1 (4.2 %) 
FLU SYND 1 (8.3 %) 1 (4.2 %) 
HEADACHE 1 (8.3 %) 1 (8.3 %) 2 (16.7%) 1 (8.3 %) 3 (12.5%) 2 (8.3 %) 
INJURY ACCID 1 (8.3 %) 1 (4.2 %) 
PAIN 1 (8.3 %) 1 (4.2 %) 
PAIN ABDO 1 (8.3 %) 1 (4.2 %) 
PAIN BACK 1 (8.3 %) 1 (4.2 %) 

CARDIOVASCULAR SYNCOPE 1 (8.3 %) 1 (4.2 %) 
SYSTEM 

DIGESTIVE SYSTEM NAUSEA 1 (8.3 %) 1 (4.2 %) 
TONGUE DIS 1 (8.3 %) 1 (4.2 %) 

MUSCULOSKELETAL TENDON DIS 1 (8.3 %) 1 (4.2 %) 
SYSTEM 

NERVOUS SYSTEM HYPERTONIA 1 (8.3 %) 1 (4.2 %) 
RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 1 (8.3 %) 1 (8.3 %) 2 (16.7%) 1 (4.2 %) 2 (8.3 %) 2 (8.3 %) 

PHARYNGITIS 1 (8.3 %) 1 (4.2 %) 
SPECIAL SENSES PAIN EAR 1 (8.3 %) 1 (4.2 %) 
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Tab' e 9: Number of pati ents with each seri ous Adverse Event - Before Treatment 

Treatment Group 

Body System Adverse Event Active placebo overall 

RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 1 (4.2 %) 

Tab' e 10: Number of pati ents wi th each seri ous Adverse Event - After Treatment 

Treatment Group 

Body system Adverse Event Active placebo overall 

BODY AS A WHOLE FEVER 1 (8.3 %) 1 (4.2 %) 
PAIN ABDO 1 (8.3 %) 1 (4.2 %) 
PAIN BACK 1 (8.3 %) 1 (4.2 %) 

RESPIRATORY SYSTEM ASTHMA 1 (8.3 %) 1 (4.2 %) 
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Laboratory tests 
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Table 1: summary of Laboratory Data - Haematology 

Active placebo 

Parameter visit 1 visit 9 visit 1 visit 9 

EOSINOPHILS (X10j9jL) N 12 11 12 12 
Mean 0.3 0.3 0.3 0.2 

Median 0.3 0.3 0.3 0.3 
Minimum 0.2 0.1 0.1 0.0 
Maximum 0.6 0.4 0.6 0.4 
Std.Dev 0.13 0.08 0.15 0.12 

HAEMOGLOBIN (GjDL) N 12 11 12 12 
Mean 150.8 150.4 148.8 146.8 

Median 150.0 153.0 154.5 151.0 
Minimum 139.0 130.0 117.0 118.0 
Maximum 163.0 163.0 168.0 161.0 
Std.Dev 8.77 10.66 15.81 14.47 

LYMPHOCYTES (X10j9jL) N 12 11 12 12 
Mean 1.8 1.7 1.9 1.7 

Median 1.9 1.6 1.9 1.5 
Minimum 1.0 1.0 1.1 1.1 
Maximum 2.7 2.8 3.1 2.6 
Std.Dev 0.52 0.48 0.58 0.55 

NEUTROPHILS (X10j9jL) N 12 11 12 12 
Mean 3.0 2.6 3.8 3.6 

Median 2.6 2.5 3.7 3.4 
Minimum 2.0 1.7 2.0 1.8 
Maximum 5.0 3.8 6.9 5.9 
Std.Dev 0.89 0.70 1.42 1.00 

PLATELETS (x10j9jL) N 12 11 12 12 
Mean 209.2 213 .8 258.8 261. 3 

Median 209.5 225.0 259.0 275.5 
Minimum 137.0 148.0 189.0 180.0 
Maximum 257.0 261.0 340.0 317.0 
Std.Dev 35.74 36.85 46.44 43.33 

TOTAL WBC (X10j9jL) N 12 11 12 12 
Mean 5.6 5.0 6.5 6.1 

Median 5.5 4.6 6.4 6.2 
Minimum 3.8 3.8 3.9 3.7 
Maximum 7.3 6.7 9.9 7.6 
Std.Dev 1.07 0.99 1.72 1.21 
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Tab' e 2: summary of laboratory Data - si ochemi stry 

Active placebo 

Parameter visit 1 visit 9 visit 1 visit 9 

ALBUMIN (Gil) N 12 12 12 12 
Mean 41.4 40.9 40.8 40.3 

Median 42.0 40.5 42.0 40.5 
Minimum 39.0 34.0 36.0 37.0 
Maximum 44.0 47.0 46.0 43.0 
std.oev 1.62 3.96 3.10 1.97 

AlK PHOS (IU/l) N 12 12 12 12 
Mean 145.3 162.5 155.8 164.6 

Median 137.5 155.5 152.0 153.0 
Minimum 83.0 78.0 86.0 96.0 
Maximum 239.0 257.0 266.0 279.0 
Std.oev 47.23 57.16 51. 35 55.18 

AlT (lull) N 12 12 12 12 
Mean 25.4 76.1 27.3 25.4 

Median 27.0 20.5 28.5 25.5 
Minimum 14.0 9.0 7.0 12.0 
Maximum 33.0 682.0 46.0 36.0 
std.oev 7.03 191.00 11.88 7.99 

CALCIUM (MMOL/L) N 12 12 12 12 
Mean 2.4 2.3 2.3 2.3 

Median 2.4 2.3 2.3 2.4 
Minimum 2.3 2.2 2.2 2.2 
Maximum 2.5 2.6 2.5 2.4 
std.oev 0.07 0.09 0.10 0.08 
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Tab' e 3: summary of Laboratory Data - Bi ochemi stry 

Active placebo 

Parameter visit 1 visit 9 visit 1 visit 9 

CREATININE (UMOL/L) N 12 12 12 12 
Mean 87.1 89.4 90.3 86.8 

Median 86.5 87.0 91.0 86.5 
Minimum 74.0 75.0 74.0 65.0 
Maximum 108.0 110.0 107.0 113.0 
Std.Dev 9.28 11.16 10.62 12.88 

GLOBULIN (GIL) N 12 12 12 12 
Mean 29.6 29.4 30.0 30.1 

Median 29.0 29.5 29.5 31.0 
Minimum 24.0 24.0 24.0 24.0 
Maximum 34.0 35.0 36.0 34.0 
Std.Dev 2.81 3.26 3.41 3.00 

POTASSIUM (MMOL/L) N 12 12 12 12 
Mean 3.9 3.8 4.0 3.8 

Median 3.9 3.9 3.9 3.9 
Minimum 3.7 3.3 3.4 3.4 
Maximum 4.2 4.1 4.7 4.3 
Std.Dev 0.17 0.21 0.35 0.25 

SODIUM (MMOL/L) N 12 12 12 12 
Mean 140.2 140.8 140.0 139.8 

Median 140.5 140.5 140.0 140.0 
Minimum 137.0 137.0 136.0 137.0 
Maximum 143.0 144.0 142.0 142.0 
Std.Dev 1. 59 2.14 1.71 1. 59 

TOTAL BILIRUBIN (UMOL/L) N 12 12 12 12 
Mean 15.4 16.2 11.5 15.0 

Median 9.0 11.5 8.0 11.0 
Minimum 2.0 6.0 4.0 6.0 
Maximum 57.0 48.0 37.0 44.0 
Std.Dev 15.47 12.75 8.88 12.74 

TOTAL PROTEIN (GIL) N 12 12 12 12 
Mean 71.0 70.3 70.8 70.4 

Median 71. 5 69.5 70.5 71.0 
Minimum 64.0 63.0 67.0 65.0 
Maximum 75.0 78.0 76.0 75.0 
Std.Dev 3.25 4.74 3.30 3.00 

UREA (MMOL/L) N 10 11 12 10 
Mean 5.1 5.2 4.7 5.2 

Median 5.1 4.8 4.8 5.1 
Minimum 3.9 4.1 3.0 3.7 
Maximum 7.1 8.3 7.3 6.7 
Std.Dev 0.85 1.25 1.21 1.07 
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