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Abstract 2

Abstract 

The successful development of mucosal vaccines is still impeded by our lack of 

understanding of how the mucosal immune system regulates antigen-specific 

responses. As most pathogens interact with or invade their host through a mucosal 

surface we may learn more about mucosal immunity by investigating the interaction 

of pathogens and their products with host factors and cells at mucosal surfaces. Here I 

examine the properties of a live Salmonella-based vaccine and a mucosal adjuvant 

based on a bacterial protein. Initially I examined the immunogenicity of the M. 

tuberculosis fusion antigen Ag85B-ESAT6 using a number of different mucosal 

vaccination strategies. These strategies included (i) intranasal immunisation with 

Ag85B-ESAT6 protein with and without Heat Labile toxin as an adjuvant (ii) oral 

immunisation with Salmonella enterica Typhimurium expressing Ag85B-ESAT6 

from in vivo inducible or constitutive promoters (with and without intranasal boosts). 

Mice immunised with the various vaccine candidates were found to have significant 

anti-Ag85B-ESAT6 serum and mucosal antibody titres as well as strong TH1 type 

cytokine responses, with IFN-γ levels particularly high. Intranasal boosting served to 

further enhance these immune responses. Following vaccination with the constitutive 

Salmonella vector, mice challenged with M. tuberculosis were found to have 

significantly reduced CFU in the liver when compared to non-vaccinated animals. 

Mice primed with Salmonella and then boosted intranasally with Ag85B-

ESAT6/LTK63 led to a significant increase in protection, equivalent to that observed 

in mice vaccinated with BCG.  

The nasal route for vaccination offers some important opportunities for the 

prophylaxis of many diseases, however the description of immune responses involved 

early after intranasal administration of antigen have not been clearly established. In a 

separate study, flow cytometry and confocal microscopy were used to examine the 

frequencies and localisation of innate immune cells, their activation status, as well as 

the expression of cell adhesion molecules following intranasal immunisation. I found 

striking differences between the cell surface phenotype of leukocytes and their pattern 

of distribution in the tissues examined at all time points tested after immunisation. 

Following on from these results one particular cell type was examined in more depth 

to determine its role in adaptive immune responses.  
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1 Introduction 

1.1 Mycobacterium tuberculosis 

1.1.1 General features 

Mycobacterium tuberculosis is a human restricted non-motile rod-shaped bacterium 

that is a member of the family Mycobacteriaceae within the order Actinomycetales. 

M. tuberculosis is a weakly gram positive obligate aerobe with a slow generation time 

of 15-20 hours. The bacterium is classified as ‘acid-fast’ due to its ability to retain 

certain dyes and stains only after being treated with an acidic solution. The cell wall 

structure of M. tuberculosis is uncommon among prokaryotes as in addition to 

peptidoglycan it has an unusually high lipid content (over 60%). The lipid fraction has 

3 major components; mycolic acids, cord factor and wax-D, which are highly 

stimulatory to the host’s immune system and as a result are used in Freund’s adjuvant. 

 

1.1.2 History 

Tuberculosis is an ancient scourge of humankind. Skeletal remains show prehistoric 

humans (4000 BC) had tuberculosis, and fragments of the spinal column from 

Egyptian mummies, dated 2400 BC, have been shown to have significant pathological 

signs of tubercular decay (Herzog 1998). In the 17th and 18th centuries, M. 

tuberculosis was the cause of the “White Plague”, which resulted in an almost 100% 

infection rate within the European population, and a 25% death rate. However, the 

bacillus causing tuberculosis, M. tuberculosis, wasn’t identified and described until 

March 24, 1882 by Robert Koch. This pioneering tuberculosis research was facilitated 

by developing culture media in which to grow the organism, and then demonstrating 

the mode of transmission of the disease (Koch 1882).  
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1.1.3 Epidemiology 

Currently, nearly 2 billion people, over a third of the world’s population, are infected 

with M. tuberculosis, with new infections occurring at a rate of one per second.  

Annually, 9 million people become ill from M. tuberculosis and approximately 2 

million die from the disease worldwide, mostly in developing countries. The World 

Health Organisation (WHO) estimates that the largest number of new tuberculosis 

cases in 2005 occurred in the South-East Asia Region, which accounted for 34% of 

incident cases globally. However, the estimated incidence rate in sub-Saharan Africa 

is nearly twice that of the South-East Asia Region, at nearly 350 cases per 100 000 

population (see Figure 1.1). Tuberculosis is also the leading cause of death among 

Human Immunodeficiency Virus (HIV) infected people; it has been estimated that the 

disease accounts for up to a third of acquired immunodeficiency syndrome (AIDS) 

deaths worldwide and is the single most important factor determining the increased 

incidence of tuberculosis in Africa over the past 10 years (WHO 2007a). Along with 

HIV/AIDS and malaria, tuberculosis remains as one of the 3 main killers among 

global infectious diseases (WHO 2007b). 

 

Figure 1.1: Tuberculosis incidence rates 2005 (WHO 2005).  
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M. tuberculosis is a human restricted pathogen spread from person to person by 

aerosols. Even after close contact with an infectious case, only about 10 percent of 

susceptible contacts acquire the infection, as determined by a delayed-type 

hypersensitivity response to purified protein derivative (PPD). These patients usually 

present with pulmonary disease; prominent symptoms are chronic, productive cough, 

low-grade fever, night sweats, malaise, and weight loss. M. tuberculosis may also 

spread from the lungs, causing extrapulmonary manifestations including 

lymphadenitis; kidney, bone, or joint involvement; meningitis; or disseminated 

(miliary) disease. Of those infected, only 3-4% will go onto develop active disease 

upon initial infection, and 5-10% within 1 year. Other factors that contribute to 

tuberculosis incidence is susceptibility to disease. A number of conditions that are 

associated with altered host cellular immunity increase the risk of developing active 

tuberculosis. These include HIV infection, extremes of age, immunosuppressive 

therapy, cancer, end stage renal disease, diabetes and severe malnutrition. Some 

genetic factors also predispose populations to tuberculosis including polymorphisms 

in the natural resistance-associated macrophage protein-1 (NRAMP1) gene, vitamin D 

receptors and components of the interferon gamma (IFN-γ)-signalling pathways. 

Reviewed by (Frieden, et al. 2003).  

 

Tuberculosis is normally diagnosed by a skin test known as the tuberculin or Mantoux 

test.  PPD is employed as the test antigen in the Mantoux test, where it is injected 

intracutaneously into the forearm and the test is read within 48-72 hours. The test is 

considered positive if the diameter of a resulting lesion is 10 mm or greater. Lesions 

are characterised by erythema (redness), swelling and induration (raised and hard). 

 

The backbone of tuberculosis therapy is a cocktail of antibiotics that are effective 

primarily against Mycobacteria. A course of drug therapy usually lasts from 6-9 

months. The most commonly used drugs are rifampicin, isoniazid, pyrazinamide and 

ethambutol or steptomycin. However, drug resistance in tuberculosis has been steadily 

increasing since the introduction of anti-mycobacterial medicines over 50 years ago. 

Multidrug-resistant tuberculosis is a form of the disease that is resistant to two or 

more of the primary drugs used for treatment; most commonly isoniazid and 

rifampicin. The WHO estimates that up to 50 million persons worldwide may be 

infected with drug resistant strains of M. tuberculosis (WHO 2007b).   
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1.1.4 General features of pathogenesis  

Tuberculosis infection begins when the mycobacteria are inhaled and lodge in the 

pulmonary alveoli of the distal airways, where they then enter and replicate within 

alveolar macrophages. M. tuberculosis uses various strategies to avoid being killed by 

phagocytes. The bacterium can inhibit acidification of the phagosome, modify 

intracellular trafficking of vesicles, and cause quantities of lipoarabinomannan (LAM) 

to insert into glycosylphosphatidylinositol (GPI)-rich domains in the cell membrane 

(Sturgill-Koszycki, et al. 1994; Xu, et al. 1994). LAM is itself a GPI of unusual 

glycan structure that has the ability to modify numerous macrophage functions, 

including the response to IFN-γ and the ability to present antigen (Xu, et al. 1994). 

Accumulation of bacteria within the lungs leads to an influx of leukocytes, 

predominantly IFN-γ secreting natural killer cells (NKC) and then later CD4+ T cells 

(TH1-type cells) along with cytotoxic CD8+ T lymphocytes (CTL) (Iho, et al. 1999; 

Junqueira-Kipnis, et al. 2003; Orme, et al. 1993; Serbina and Flynn 1999). IFN-γ is 

the central mediator of macrophage activation, which can lead to the containment and 

elimination of bacteria (Flynn, et al. 1993; Fritsche, et al. 2003; Ottenhoff, et al. 

1998). IFN-γ also synergies with tumour necrosis factor alpha (TNF-α) in activating 

macrophages (Chan, et al. 2001). Macrophage control of mycobacteria occurs via a 

variety of mechanisms including acidification of their phagosomes, production of 

toxic effector molecules and apoptosis (Fayyazi, et al. 2000; Flynn and Chan 2001). 

Activated macrophages generate nitric oxide (NO) and related reactive nitrogen 

intermediates (RNI) via inducible nitric oxide synthase (iNOS2) using L-arginine as a 

substrate (Jagannath, et al. 1998; MacMicking, et al. 1997; Nicholson, et al. 1996; 

Wang, et al. 2001; Zwilling, et al. 1999) (see Figure 1.2). This innate defence 

mechanism has been well documented with regards to the murine system, and plays 

an important role in both chronic and latent infection (Chan, et al. 2001).  
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Figure 1.2: Main features of tuberculosis: from infection to host defence. 

There are three potential outcomes of infection of the human host in M. tuberculosis. a. The frequency 

of abortive infection resulting in spontaneous healing is unknown, but is assumed to be minute. b. In 

the immunocompromised host, disease can develop directly after infection. c. In most cases, 

mycobacteria are initially contained and disease develops later as a result of reactivation. The 

granuloma is the site of infection, persistence, pathology and protection. Effector T cells (including 

conventional CD4+ and CD8+ T cells, and unconventional T cells, such as γδT cells, and double-

negative or CD4/CD8 single-positive T cells that recognize antigen in the context of CD1) and 

macrophages participate in the control of tuberculosis. IFN-γ and TNF-α, produced by T cells, are 

important macrophage activators. Macrophage activation permits phagosomal maturation and the 

production of antimicrobial molecules such as reactive nitrogen intermediates (RNI) and reactive 

oxygen intermediates (ROI). LT-α3, lymphotoxin-α3 (Kaufmann 2001). 
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The production of anti-inflammatory cytokines such as interleukin-10 (IL-10) and IL-

4 in response to M. tuberculosis may down regulate the immune response and limit 

tissue injury by inhibiting excessive inflammatory responses. However, if produced in 

excess these cytokines may lead to a failure to control infection resulting in widely 

disseminated tuberculosis (Appelberg, et al. 1992; de Waal Malefyt, et al. 1991; 

Fulton, et al. 1998; Gong, et al. 1996; Hirsch, et al. 1999; Murray, et al. 1997; van 

Crevel, et al. 2002). It is therefore the balance between the inflammatory and 

protective immune response that determines the outcome of tuberculosis infection. 

CD4+ T cells also produce lymphotoxin α (LTα), which participates in protection 

against tuberculosis (Roach, et al. 2001). At least some CD8+ T cells, γδ T cells, and 

CD1 restricted T cells secrete perforin and granulysin which directly kill 

mycobacteria within macrophages (Behr-Perst, et al. 1999; Kaufmann 1999; Porcelli 

and Modlin 1999; Stenger 2001; Stenger, et al. 1998; Stenger, et al. 1997) (see Figure 

1.2). This cell mediated immune response helps to control M. tuberculosis infection 

primarily because M. tuberculosis replicates within macrophages, thus T cell effector 

mechanisms are required for elimination of infection (see Figure 1.3 for summary of 

cell mediated activation). However, cell mediated immunity (CMI) is also responsible 

for much of the pathology associated with tuberculosis.  

 

The humoral immune response has, for many years, been dismissed as having any 

defensive role with regards to M. tuberculosis infection. As M. tuberculosis is an 

intracellular pathogen, B cells and the antibodies that they produce may not have 

access to the mycobacteria and consequently may be unable to play any protective 

role. However some recent studies suggest that this type of immune response may in 

fact contribute to tuberculosis immunity (Bosio, et al. 2000; Johnson, et al. 1997; 

Pethe, et al. 2001; Vordermeier, et al. 1996; Williams, et al. 2004).  

 

The next stage of infection is signalled by development of granulomatous lesions 

characterised by a mononuclear cell infiltrate surrounding a core of degenerating 

epithelioid and multinucleated giant (Langhans) cells. TNF-α has also been found to 

play a key role in this granuloma formation and the containment of latent infection 

(Kindler, et al. 1989; Mohan, et al. 2001; Senaldi, et al. 1996). This lesion (called a 

tubercle) may become enveloped by fibroblasts, and its centre often progresses to 

caseous necrosis. Liquefaction of caseous material and erosion of the tubercle into an 
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adjacent airway may result in cavitation and the release of massive numbers of bacilli 

into the sputum, greatly increasing the contagiousness of that individual. Escape of 

bacteria from these lesions, into the lymphatics or blood enables spread of infection to 

almost any anatomical location, and results in extrapulmonary tuberculosis, otherwise 

known as miliary tuberculosis. Within resistant hosts, the tubercle eventually becomes 

calcified and these lesions, known as Ghon complexes, are now readily visible upon 

chest X-ray. This containment of the infection within granulomas leads to latency of 

M. tuberculosis until such a point, usually impaired immunity, when reactivation can 

occur, years or decades later. See Figure 1.2 for the phases of infection of M. 

tuberculosis.  
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Figure 1.3: Antigen processing/presentation pathways and activation of different T-cell subsets. 

The different T-cell-processing pathways that result in activation of distinct T-cell populations in the 

immune response against Mycobacterium tuberculosis are shown. This pathogen preferentially resides 

in the phagosome of macrophages, where mycobacterial peptides have ready access to the major 

histocompatibility complex class II (MHC II) molecules that are shuttled to the cell surface and 

stimulate CD4+ T cells. CD1 molecules also have access to mycobacterial glycolipids because they 

have contact with the phagosomal continuum at different stages of its maturation — glycolipids seem 

to separate from the mycobacteria and are incorporated into vesicles, which are shuttled throughout the 

cells and also seem to transfer antigen to bystander cells. CD1 molecules present mycobacterial 

glycolipids to various CD1-restricted T lymphocytes (CD4+, CD8+ or DN). The processing pathways 

for ligands for γδT cells and MHC-class-I-restricted T cells remain less understood. Mycobacterial 

phospholigands reach the cell surface through unknown ways, and are recognized by γδT cells in the 

apparent absence of specialized molecules. Although it is beyond doubt that MHC-class-I-restricted 

CD8+ T cells are stimulated by mycobacterial peptides, the underlying mechanisms remain to be 

established. Some mycobacterial proteins may enter the cytosol and be introduced into MHC-class-I 

processing pathways, including cytosolyic proteasomes and TAP. Mycobacterial peptides and 

glycolipids may be transferred in vesicles along a novel pathway from infected macrophages to 

bystander dendritic cells. This could improve antigen presentation through MHC-class-I and CD1 

pathways. Formation of these vesicles is probably stimulated during apoptosis of infected cells. β2m, β 

2-microglobulin; DN, double-negative; ER, endoplasmic reticulum; TAP, transporter of antigen 

processing. (Kaufmann 2001). 
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1.2 Current vaccines against M. tuberculosis 

1.2.1 Bacille Calmette-Guérin (BCG) vaccine 

The BCG vaccine has been used for over 80 years as the sole vaccine to protect 

against tuberculosis. BCG was developed by the French microbiologists Calmette and 

Guérin using an attenuated Mycobacterium bovis, obtained by serial passage in a bile 

enriched culture medium. Since the introduction of BCG, over 3 billion people have 

been vaccinated with an excellent safety record that makes it one of the safest 

vaccines known. In spite of a global vaccine coverage of 80%, large numbers of field 

trails have shown that protective efficacy of BCG may vary greatly from 0 to 80% 

(Fine 2001). The vaccine has consistently high protective efficacy in preventing 

tuberculosis in children, but unfortunately it has variable efficacy against the most 

common form of disease, pulmonary tuberculosis in adults (Colditz, et al. 1994). 

Reasons for low efficacy of the BCG vaccine may be genetic and nutritional 

differences in susceptibility of different human populations, strain variation in BCG 

preparations, along with exposure to environmental mycobacteria and chronic parasite 

infection, which shift the balance of the immune response. See Figure 1.4 for events 

that may lead to failure of BCG in developing countries.  
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Figure 1.4: Events that might lead to failure of BCG in developing countries.  

Environmental saprophytic mycobacteria prime TH1- and TH2-cell responses, the latter being promoted 

by infections with helminths in both mothers and children. Exposure to a low dose of Mycobacterium 

tuberculosis might not cause disease. Exposure to a high dose increases both the TH1-cell and IL-4 

responses. Several features of M. tuberculosis, particularly the Beijing genotype strains, enhance the 

IL-4 component of the response. IL-4 is partially counteracted by the increased expression of the splice 

variant IL-4δ2, which occurs in latently infected individuals, who do not develop disease. However, in 

many individuals, a mixed TH1-cell and IL-4 response might compromise cell-mediated immunity to 

M. tuberculosis, because IL-4 down regulates iNOS expression and microbicidal activity, promotes 

TNF toxicity, and exacerbates fibrosis despite the presence of large quantities IFN-γ, which is an 

inhibitor of fibrosis. The result is a failure of protection and the development of disease, with unusually 

high levels of IL-4. An effective vaccine for citizens in developing countries might therefore need to 

block the IL-4 response, rather than induce a TH1-cell response, which is already present (Rook, et al. 

2005). 

 

 

 

 

 

 



Chapter 1. Introduction 29

Another possible explanation for the inability of current live BCG to protect against 

pulmonary tuberculosis may be the immunisation route. BCG is delivered via the 

parenteral route which may not provide optimal immune responses in the lung. 

Delivery via mucosal routes may elicit a local respiratory mucosal immunity which 

may increase protection against M. tuberculosis infection. Reviewed in (Haile and 

Kallenius 2005). Oral administration was the route initially used by Calmette and 

Guérin, but was replaced by intradermal administration in virtually all countries after 

the Lubeck accident, in which 67 of 249 babies given the vaccine died due to 

contamination of the BCG with virulent M.  tuberculosis (Andersen and Doherty 

2005). However, the administration of oral BCG (BCG Moreau Rio de Janeiro) was 

maintained in Brazil and was shown capable of inducing a more substantial mucosal 

and systemic immune response compared to the intradermal route (Gheorghiu 1994). 

In fact, a recent study has shown that oral BCG vaccination induces T cells that home 

specifically to the lung, which provide protective local immunity in vaccinated mice 

(Dorer, et al. 2007). Intranasal administration of BCG is an attractive route for 

immunisation as intranasal vaccination may induce local immune responses in the 

lung, which are required for full protection of the host. In addition this local immunity 

may increase the speed of the overall immune responses against M. tuberculosis and 

therefore reduce initial pathology. Lyadova and colleagues showed that intranasal 

vaccination with BCG induced a high degree of protection against systemic challenge, 

and that this protection correlated with a rapid production of IFN-γ after challenge by 

lung T cells from vaccinated mice (Lyadova, et al. 2001). Another group reported that 

intranasal application of BCG-Pasteur strain was found to be highly protective against 

challenge infection with the pathogenic H37Rv strain given after a 4-week interval, 

reflected by the 100-fold reduction of CFUs in both lungs and spleens. In addition 

they observed that intranasal vaccination abrogated the confluent infiltration of lungs 

with inflammatory cells, which surrounds the granulomas in H37Rv challenged 

control mice (Falero-Diaz, et al. 2000). 
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More recent deletion analyses of the genome of different BCG strains by DNA 

microarray technology have shown that BCG have lost some genes now thought to be 

important for protective immunity. Loss of genes may have occurred during the 

original attenuation processes from the parental strain, or during further propagation, 

before the lyophilisation of seed lots was introduced in the 1960s (Hart 1967). Their 

analysis showed that different BCG strains lack up to 134 open reading frames 

(ORFs) from 16 regions of difference (RD1-RD16) compared to M. tuberculosis 

H37Rv (Behr, et al. 1999). Major antigenic proteins were found to be present in 

virulent mycobacteria, but either absent (early secretory antigen target 6kDa, ESAT-6; 

culture filtrate protein 10, CFP-10; and mycobacterial culture filtrate protein 64, 

MPT64) or not expressed (MPB70 and MPB83) in several BCG vaccines 

(Vordermeier, et al. 1999) (see Figure 1.5).  

 

 
 
Figure 1.5: BCG historical genealogy incorporating genetic differences previously noted and 

newly detected genetic deletions. 

Vertical axis represents time. Horizontal axis denotes different geographic locations of BCG 

propagation. Under this reconstruction, the M. bovis strain that was used to develop BCG would be 

missing RD3, RD4, RD5, RD6, RD7, RD9, RD10, RD11, RD12, RD13, and RD15. During serial 

propagation of this strain, RD1, RD2, RD8, RD14, RD16, and an IS6110 element (IS) were deleted 

(Behr, et al. 1999). 
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1.3 New tuberculosis vaccines 

Immunisation is the most effective public health tool used to control infectious 

disease. Moreover, it is extremely cost effective given that treatment of disease is far 

more expensive than disease prevention. Considering the shortcomings of the current 

BCG vaccine with regards to protection against adult pulmonary tuberculosis, and the 

overwhelming worldwide problem of tuberculosis, it is now clear that the 

development of a more effective vaccination strategy is urgently needed. A number of 

approaches can be considered in the fight to decrease global tuberculosis morbidity 

and mortality (see Figure 1.6 below).  

 
Figure 1.6: Different tuberculosis vaccination strategies. 

A prophylactic vaccine to prevent primary infection and disease following exposure, a booster/post-

sensitisation vaccine to boost BCG or to vaccinate on top of environmental sensitisation, and finally a 

post-exposure vaccine to prevent reactivation in those already infected (Olsen and Andersen 2003). 
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Tuberculosis research has received a major boost in funding over the past decade. 

This coupled with sequence data from the genomes of 2 strains of M. tuberculosis and 

1 BCG vaccine strain as well as the introduction of many new molecular techniques 

has lead to nearly 200 vaccine candidates (Figure 1.7) (Brosch, et al. 2007; Cole and 

Barrell 1998; Philipp, et al. 1998). They include; recombinant BCG (rBCG) vaccines, 

live attenuated strains of M. tuberculosis, non-pathogenic mycobacteria, non-

mycobacterial microbial vectors, DNA vaccines, and subunit vaccines. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.7: Tuberculosis vaccines currently undergoing screening. 

 

1.3.1 Recombinant BCG vaccines 

Recombinant BCG (rBCG) techniques may be useful for the development of a more 

effective mycobacterial vaccine than the parental BCG now in use. One rBCG vaccine 

that has been developed (rBCG30), over-expresses the 30kDa major secretory protein, 

Ag85B, of M. tuberculosis. This vaccine candidate has shown promising results in 

animal models. Animals immunised with rBCG30, when challenged by aerosol with a 

highly virulent strain of M. tuberculosis, exhibited much less lung, spleen and liver 

pathology, had approximately 10-fold fewer lesions, and 10-fold fewer bacilli 

organisms in their tissues than BCG-immunised animals. In addition, rBCG30 

vaccinated animals exposed to tuberculosis infection survived significantly longer 

than BCG vaccinated groups (Horwitz and Harth 2003). Furthermore, this vaccine 

candidate was the first tuberculosis vaccine to enter clinical trials in the United States 
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for over 60 years, entering phase I trials in 2004 (McCarthy 2004). Pym and 

colleagues demonstrated that immunisation with rBCG RD1-2FP, a rBCG exporting 

ESAT6, which is missing in BCG, gave better protection against challenge with M. 

tuberculosis as well as decreasing severe pathology and reducing dissemination of the 

pathogen, compared to mice immunised with BCG alone (Pym, et al. 2003). By 

complementing BCG with cholera toxin B subunit (CT-B), a mucosal immunogen, an 

increased immune response was induced indicated by increased immunoglobulin A 

(IgA) and IgG production compared to mice immunised with nonrecombinant BCG 

(Biet, et al. 2003). Recently, a rBCG that secretes biologically active membrane-

perforating listeriolysin (Hly) of Listeria monocytogenes has been constructed. 

Following aerosol challenge, the Hly-secreting rBCG (hly+ rBCG) vaccine was shown 

to protect significantly better against aerosol infection with M. tuberculosis than the 

parental BCG strain.  This rBCG improves MHC class I-presentation of co-

phagocytosed soluble protein (Grode, et al. 2005). Other candidates shown to be 

effective in animal models, indicated by elevated cell-mediated immunity and 

significant reduction in CFUs in lungs compared to BCG vaccinated animals, are 

rBCGs secreting various cytokines (Luo, et al. 2004; Murray, et al. 1996).  

 

1.3.2 Live mycobacterial vaccines 

A number of groups have generated attenuated M. tuberculosis strains with the goal of 

obtaining a vaccine with superior efficacy to BCG. Perez and colleagues have used 

this approach to disrupt the phoP gene of M. tuberculosis which is important in 

regulation of several virulence genes (Perez, et al. 2001). Auxotrophic mutants of M. 

tuberculosis have also been proposed as new vaccine candidates. M. tuberculosis 

strains containing defined mutations in the genes involved in proline (proC) or 

tryptophan (trpD) amino acid biosynthesis were found to be significantly attenuated 

within Severe Combined Immunodeficient (SCID) mice indicating their potential as 

vaccine candidates (Smith, et al. 2001). Several non-pathogenic mycobacteria have 

also been proposed as potential tuberculosis vaccines, including Mycobacterium 

microti, and Mycobacterium vaccae. Most recently, M. vaccae has been evaluated as 

an immunotherapeutic agent in two relatively large human trials: a phase III trial in 

Durban, South Africa and an NIAID-supported phase I/II trial in Kampala, Uganda 

(Johnson, et al. 2000; Johnson, et al. 2004; Vuola, et al. 2003) 
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1.3.3  Non-mycobacterial vaccine vectors 

 Live vectors, such as recombinant viruses or bacteria expressing immunodominant 

M. tuberculosis proteins have generated some encouraging data in animal models. The 

recombinant vaccinia virus Ankara expressing Ag85A was the first phase I study of 

any recombinant vaccine against tuberculosis. McShane et al showed that 

recombinant modified vaccinia virus Ankara (MVA) expressing Ag85A (MVA85A) 

was safe and highly immunogenic in study subjects. MVA85A was found to induce 

high levels of antigen specific IFN-γ-secreting T cells when used alone in previously 

naive volunteers. Healthy individuals, who had been vaccinated 1-38 years previously 

with BCG, had substantially higher levels of IFN-γ-secreting T cells (McShane, et al. 

2005; McShane, et al. 2004). This is the only tuberculosis vaccine currently in phase 

II trails and is currently being tested for efficacy in M. tuberculosis endemic South 

Africa (Ibanga, et al. 2006).  Sereining and colleagues generated several subtypes of 

attenuated recombinant influenza A viruses expressing ESAT-6 of M. tuberculosis 

from the NS1 reading frame. Those mice vaccinated with the recombinant virus 

constructs were found to have strong TH1 type immune responses. Moreover, 

intranasal immunisation of mice and guinea pigs with such vectors induced protection 

against mycobacterial challenge, similar to that induced by BCG vaccination 

(Sereinig, et al. 2006). Recombinant S. Typhimurium vaccine carrier strains 

expressing ESAT-6 or Ag85B have also been constructed using the haemolysin 

(HlyA) secretion system from uropathogenic Escherichia coli. Vaccination with a 

single dose of recombinant S. Typhimurium secreting ESAT-6 increased the number 

of IFN-γ-secreting T cells after vaccination, and reduced  numbers of M. tuberculosis 

in the lungs after challenge as compared to naïve mice, but this regimen was still not 

as efficacious as the BCG immunised controls (Mollenkopf, et al. 2001). Hess et al 

have developed a recombinant S. Typhimurium secreting Ag85B which was shown to 

confer partial protection against intravenous challenge with M. tuberculosis. The 

immune response induced by recombinant S. Typhimurium Ag85B was accompanied 

by augmented IFN-γ and TNF-α levels produced by restimulated splenocytes (Hess, et 

al. 2000).  
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1.3.4  DNA vaccines 

The use of a DNA vaccine offers many advantages: such vaccines can be easily 

manipulated, are safe, and can be easily stored and transported, hence the reason why 

a number of candidate DNA vaccines have emerged in recent years in the fight 

against tuberculosis. These candidates have been tested in various studies for their 

efficacy against tuberculosis in animal models and some have been shown to confer 

protective immunity. These plasmid vaccines code for various mycobacterial antigens 

including members of the mycolyl-transferase family (Ag85 complex), and heat shock 

proteins 60, 65, 70 (Hsp60, 65, 70). A tuberculosis DNA vaccine encoding Ag85A 

was found to be immunogenic with elevated IL-2 and IFN-γ levels along with antigen 

specific antibody and CTL responses. The DNA vaccine was also found to be 

protective when administered via intramuscular injection and then boosted with 

protein (Ag85A) and adjuvant. Prime-boosted animals exhibited reduced numbers of 

CFU in the lungs and spleen, compared to animals vaccinated with naked DNA 

(Tanghe, et al. 2001; Tanghe, et al. 2000). Recently another DNA vaccine expressing 

ESAT6-Ag85B (pE6/85) was shown to protect similarly to BCG in short-term 

vaccination studies. Furthermore, boosting with pE6/85 after an initial BCG 

immunisation 1 year previously, augmented protection in the lung of C57BL/6 mice 

(Derrick, et al. 2004). Ferraz and colleagues also used a heterologous prime-boost 

immunisation approach after initial immunisation with DNA plasmids encoding M. 

tuberculosis Apa (alanine-proline-rich antigen), and the immunodominant Hsp65 and 

Hsp70 antigens and boosting with BCG. This study showed an increase in specific 

anti-mycobacterial immune responses, and protection as compared to animals 

vaccinated with BCG alone (Ferraz, et al. 2004). These latter two studies indicate the 

important role that DNA vaccines may play in the prime/boosting of the current 

tuberculosis vaccine BCG. Recently, Parida et al used an attenuated Salmonella aroA 

strain to carry a eukaryotic expression plasmid encoding Ag85A as a DNA vaccine 

delivery system. Strong cellular immune responses were induced after vaccination as 

well as reduced M. tuberculosis CFU in the lungs and the spleens after challenge 

(Parida, et al. 2005). 
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1.3.5  Subunit vaccines 

Key M. tuberculosis antigens have been identified from the plethora of mycobacterial 

components including proteins, lipids, and carbohydrates using a variety of 

biochemical, molecular, and immunologic approaches. These selected antigens have 

been used for the development of subunit vaccines against tuberculosis and are among 

some of the most prominent vaccine candidates. These include: ESAT-6, TB10.4, 

Ag85B, the fusion protein vaccines compromising Ag85B and ESAT-6 or TB10.4, 

and another consisting of Mtb32 and Mtb39 (Mtb72F). Previous work on the antigens 

ESAT-6 and Ag85B has shown that the fusion of Ag85B-ESAT6 was more 

immunogenic and gave higher levels of protection compared to the individual 

antigens as well as the fusion in the other orientation, i.e. ESAT6-Ag85B. The 

vaccination studies performed using this fusion protein (Ag85B-ESAT6) will be 

discussed in more detail later. Recently the Andersen group exchanged ESAT-6 with 

TB10.4 in an Ag85B fusion subunit vaccine. TB10.4 is a strongly immunogenic 

protein that belongs to a subfamily of the esat-6 gene family and is recognised by 

BCG-vaccinated donors and TB patients (Skjot, et al. 2002; Skjot, et al. 2000). 

Subcutaneous immunisation of mice with Ag85B-TB10.4 induced superior protection 

against compared to the individual antigen components (Dietrich, et al. 2005). 

Another subunit vaccine, Mtb72F, which codes for a 72-kDa polyprotein (Mtb32(C)-

Mtb39-Mtb32 (N)), has also been tested extensively in animal models. Immunisation 

of mice with Mtb72F protein formulated in the adjuvant AS01B generated a 

comprehensive and robust immune response, eliciting strong IFN-γ and antibody 

responses for all three components of the polyprotein vaccine, and a strong CD8+ 

response directed against the Mtb32(C) epitope. Mtb72F immunisation resulted in the 

protection of C57BL/6 mice against aerosol challenge with a virulent strain of M. 

tuberculosis (Skeiky, et al. 2004). Most importantly, immunisation of guinea pigs with 

Mtb72F resulted in prolonged survival (> 1 yr) after aerosol challenge with virulent 

M. tuberculosis comparable to BCG immunisation (Brandt, et al. 2004). Mtb72F in 

the AS02A formulation (the AS02A adjuvant contains monophosphoryl lipid A 

(MPL), QS21 and an oil in water emulsion) is currently in phase I clinical trials, 

making it the first subunit tuberculosis vaccine to be tested in humans. 
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1.3.6 M. tuberculosis vaccine antigens 

1.3.6.1 Antigen 85B 

Antigen 85B (Ag85B) is a 30kDa mycolyl transferase and is part of the M. 

tuberculosis 85 complex, which also includes the closely related 32kDa mycolyl 

transferase proteins; antigen 85A and 85C (Content, et al. 1991). All three show 70-

80% amino acid homology and contribute to cell wall biogenesis by catalysing 

transfer of the fatty acid mycolate from one trehalose monomycolate to another, 

resulting in trehalose dimycolate (cord factor) and free trehalose (Anderson, et al. 

2001; Wiker and Harboe 1992).  Ag85B is the most abundant protein exported by M. 

tuberculosis, and has been shown to bind fibronectin (Abou-Zeid, et al. 1988; Salata, 

et al. 1991). Ag85B induces strong T cell proliferation and IFN-γ secretion in most 

healthy individuals exposed to M. tuberculosis, and in both BCG-vaccinated mice and 

humans (Geluk, et al. 2000; Huygen, et al. 1994; Kariyone, et al. 2003; Launois, et al. 

1994; Mustafa, et al. 2000b; Thole, et al. 1999). Arrest of the multiplication of M. 

tuberculosis caused by induction of adaptive immunity in the mouse lung, was shown 

to be accompanied by a 10- to 20-fold decrease in levels of mRNAs encoding the 

secreted Ag85 complex (Shi, et al. 2004). This data compliments another study which 

showed antibodies against Ag85 are most prevalent in active tuberculosis patients 

with decreased cellular immune responses (Van Vooren, et al. 1992). In terms of 

vaccine development, the most prominent characteristic of Ag85B is the fact that it 

has been shown to induce protection in animal models (Abou-Zeid, et al. 1988; 

Horwitz and Harth 2003; Horwitz, et al. 2000; Horwitz, et al. 1995).  
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1.3.6.2 Early Secreted Antigenic Target-6  

The early secreted antigenic target-6 (ESAT6) is a small (6kDa) protein secreted by 

M. tuberculosis belonging to the ESAT-6 family. ESAT6 was isolated from short-

term culture filtrate proteins (CFP) and proved to be the most potent among the 

isolated proteins at inducing immune responses from isolated lymphocytes in mice, 

cattle and later in humans (Andersen, et al. 1995; Sorensen, et al. 1995). ESAT6 was 

found to be a very strong T cell antigen during the early phase of infection in a 

number of animals, with a very high proportion of tuberculosis patients (96%) 

recognising ESAT-6 (Brandt, et al. 1996; Lalvani, et al. 2001; Pollock and Andersen 

1997; Ravn, et al. 1999). In addition to T cell responses, strong antibody responses to 

ESAT6 have more recently been found in M. tuberculosis infected individuals, non-

human primates and cattle (Brusasca, et al. 2003; Lyashchenko, et al. 1998a; 

Lyashchenko, et al. 1998b). The strong and frequent recognition of ESAT6 during M. 

tuberculosis infection, as well as its absence from the BCG vaccine, has stimulated 

strong interest in its potential to be used for both vaccine and diagnostic uses 

(Mahairas, et al. 1996). A number of studies have shown that ESAT-6 can confer 

significant protection in animal models after challenge with pathogenic M. 

tuberculosis (Brandt, et al. 2000; Huygen, et al. 1996; Kamath, et al. 1999; Olsen, et 

al. 2000). Several recent studies have shown that expression of ESAT-6 by M. 

tuberculosis may be associated with lower innate immune responses to infection. One 

study has suggested that this protein may dampen down innate immune responses 

though decreased production of IL-12p40, TNF-α and NO (Stanley, et al. 2003). 

Renshaw et al have determined the solution structure of the tight, 1:1 complex formed 

by ESAT-6 and CFP-10, another secreted mycobacterial protein. A striking feature of 

the complex is the long flexible arm formed by the C-terminus of CFP-10, which was 

found to be essential for binding to the surface of cells (Renshaw, et al. 2005; 

Renshaw, et al. 2002). Most recently, Pathak and colleagues have shown that ESAT-6 

inhibited activation of transcription factor NF- B and interferon-regulatory factors 

(IRFs) after TLR2 signaling. The six carboxy-terminal amino acid residues of ESAT-

6 were required and sufficient for the TLR2-mediated inhibitory effect (Pathak, et al. 

2007).  
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1.4 The mucosal immune system 

Mucosal surfaces within the gastrointestinal and respiratory tracts are the main focus 

of both the adaptive and innate immune responses to infection (McGhee and Kiyono 

1993). These surfaces enable the exchange of nutrients and gases essential for 

survival, and as a result the cells associated with these surfaces are vulnerable to 

attack by potential pathogens. The immune system associated with mucosal surfaces 

covers the largest area of the body (200-300 m2) and has evolved tight regulatory 

mechanisms that counter infection by dangerous pathogens. However, the mucosal 

immune system can also discriminate commensals and harmless antigens to prevent 

inappropriate responses that could lead to immune pathology (Czerkinsky, et al. 

1999). The mucosal system is associated with local immune responses and has 

specialised lymphoid tissues known as gut-associated lymphoid tissue (GALT) in the 

gut, bronchial-associated lymphoid tissue (BALT) in the respiratory tract and the 

nasal-associated lymphoid tissue (NALT) in the nose. These mucosal reactions can 

take place independently or synergistically with the systemic immune system. This 

common mucosal immune system (CMIS) connects these inductive sites (that is, the 

GALT and NALT) with effector sites (such as the lamina propria of the intestinal 

tract, and the nasal passages of the upper respiratory tract (URT)) for the generation of 

antigen-specific immune responses featured either by secretory IgA or cell-mediated 

immunity, which function as the first line of defence at mucosal surfaces (see Figure 

1.8 below). Reviewed in (Kiyono, et al. 2001).  
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Figure 1.8: The CMIS  

Luminal antigens are transported to the NALT and Peyer's patches (PP) through microfold (M) cells 

that are present in the epithelium overlying NALT and PP follicles. Dendritic cells (DC) process and 

present antigens to T cells in these lymphoid tissues. CD4+ T cells that are stimulated by DC then 

preferentially induce IgA-committed B-cell development in the germinal centre (GC) of the lymphoid 

follicle. After IgA class switching and affinity maturation, B cells rapidly migrate from NALT and PP 

to the regional cervical lymph nodes (CLN) and mesenteric lymph nodes (MLN) respectively, through 

the efferent lymphatics. Finally, antigen-specific CD4+ T cells and IgA+ B cells migrate to effector sites 

(such as the nasal passage and intestinal lamina propria) through the thoracic duct and blood 

circulation. IgA+ B cells and plasmablasts then differentiate into IgA-producing plasma cells in the 

presence of cytokines (such as IL-5 and IL-6) that are produced by TH2 cells, and they subsequently 

produce dimeric (or polymeric) forms of IgA. These dimeric forms of IgA then become secretory IgA 

by binding to polymeric Ig receptors (which become the secretory component in the process of 

secretory IgA formation) that are displayed on the monolayer of epithelial cells lining the mucosa. 

Secretory IgA is then released into the nasal passage and intestinal tract. (Kiyono and Fukuyama 2004). 
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1.4.1 Mucosal immunisation 

Most infectious agents are either restricted to the mucosal membranes or need to 

transit through them at some stage in the infection process. This has prompted studies 

aimed at the development of vaccination protocols that would lead to efficient 

immune responses and protection at both the mucosal and systemic level. The goal of 

current mucosal vaccination strategies is to prevent both initial stages of disease 

(colonisation and infection by pathogens) and block its development (Medina and 

Guzman 2000). Currently, the vast majority of vaccines available only block disease 

development once the pathogen has crossed the mucosal barrier into the normally 

sterile systemic environment (McCluskie and Davis 1999). Due to the apparent 

compartmentalisation of the systemic and mucosal immune systems, parental 

administration of vaccines is less effective in protecting against mucosal pathogens. 

Parenterally administered vaccines are not effective for eliciting mucosal secretory 

IgA (sIgA) responses and are generally ineffective against organisms that colonise 

mucosal surfaces and do not invade. The use of the mucosal route is associated by 

itself with a considerable number of advantages including low reactogenicity but high 

immunogenicity and reduced delivery costs. In addition, mucosal vaccines avoid the 

use of needles; hence the spread of diseases such as HIV via contaminated needles 

can be avoided (Holmgren, et al. 2003).  These advantages could reduce the costs and 

increase the safety of vaccinations, an issue especially pertinent in the developing 

world. Through an understanding of the mucosal immune system as an immune 

communication network it is now apparent that administration of immunogens 

through a mucosal route not only induces immune responses at the targeted site but 

also has the potential to stimulate immune cells at remote mucosal sites.  
 

1.4.2 Intranasal immunisation 

The nasal mucosa is an important arm of the mucosal immune system as it is the first 

contact site with inhaled antigens. In fact, immunisation via the nose is an effective 

way to induce mucosal immune responses at remote effector sites, and a role for 

NALT in the induction of these responses has been recognised (Asanuma, et al. 1998; 

Davis 2001; Kiyono and Fukuyama 2004; Tamura, et al. 1998; Wu 1997; Zuercher, et 

al. 2002). As a result, intranasal immunisation has emerged as an attractive mucosal 

route for inducing both local and systemic immunity. The rationale behind the use of 
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intranasal vaccination has been considered by Partidos who has listed a number of 

reasons why this route is such an attractive choice for immunisation (Partidos 2000).  

 

• Easily accessible. 

• Highly vascularised. 

• Presence of numerous microvilli covering the nasal epithelium generates a 

large absorption surface. 

• After intranasal immunisation, both mucosal and systemic immune responses 

can be induced. 

• Immune response can be induced at distant mucosal sites owing to the 

dissemination of effector immune cells in the CMIS. 

• The nose can be used for the easy immunisation of large population groups. 

• Intranasal vaccination avoids degradation of vaccine antigen caused by 

digestive enzymes, so requires a smaller dose of antigen than oral 

immunisation. 

• Nasal immunisation does not require needles and syringes, which are potential 

sources of infection.  

• Immunisation via this route does not require trained medical personnel for 

delivery, so reduces costs. 

 

Intranasal immunisation is a particularly promising route of administration against 

respiratory infections. A number of studies have shown that following intranasal 

vaccination, potent antibody and cellular immune responses are generated which can 

subsequently lead to protection against aerogenic challenge with a number of bacterial 

pathogens of both the lower and upper respiratory tracts (Dietrich, et al. 2006; Jabbal-

Gill, et al. 1998; Oliveira, et al. 2006; Zhu, et al. 2006; Zuercher, et al. 2006). As the 

nose can act as an inducer and effector site for good secretory immune responses at 

distal mucosal sites such as the lung and vagina via the CMIS, nasal vaccines may 

have an important role in the prophylaxis of diseases involving other mucosal surfaces 

(HIV, Chlamydia trachomatis and H. pylori) (Borsutzky, et al. 2006; Keenan, et al. 

2003; Marinaro, et al. 2003; Murthy, et al. 2007). Furthermore, in 2003 the cold 

attenuated reassortment live flu vaccine called FluMist© was licensed for use in the 

United States and currently this remains the only intranasal vaccine on the market for 
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humans (Mossad 2003). The introduction of this vaccine now opens the way for 

increasing use of intranasal delivery. Other intranasal vaccines under going phase I 

human trials include; a vaccine against norovirus (Ligocyte 2007) and a HIV protein-

based vaccine candidate which comprises of HIV gp140 protein with the V2 loop 

deleted, delivered along with LTK63 (IAVI 2006). A possible disadvantage for 

intranasal vaccination is that to induce significant immune responses you normally 

need to co-administer an adjuvant with the vaccine antigen (see section 1.4.3. below). 

In 1997, a Swiss company (BernaBiotech) received approval to market an inactivated 

intranasal flu vaccine with the mucosal adjuvant heat labile toxin (LT). However, a 

high incidence of Bell’s palsy was recorded in those patients vaccinated, and 

subsequently it was found that LT can induce inflammatory responses in the olfactory 

sites and the meninges of mice when delivered intranasally (Couch 2004; Mutsch, et 

al. 2004).  

 

1.4.3 The mucosal adjuvants LT and LTK63 

Most traditional vaccines are still administered systemically. Mucosal vaccination 
offers some important advantages over systemic immunisation, such as quick action, 
increased compliance and decreased risk of spread of infectious diseases due to 
contaminated syringes. However, most vaccines are unable to induce immune 
responses when administered mucosally, and require the use of strong mucosal 
immunogens (adjuvants) for effective delivery. An immunological adjuvant is defined 
as a “substance used in combination with a specific antigen that produced more robust 
immune response than the antigen alone” (Ramon 1924). These molecules have the 
unique property of inducing strong immune responses after contact with mucosal 
surfaces and one of the most potent and well characterised of these molecules 
discovered to date is E. coli heat labile toxin (LT). LT is an extremely powerful 
mucosal adjuvant when co-administered with soluble antigens (Martin, et al. 2002). 
As a result of its strong adjuvant properties it has been used extensively in many 
vaccination studies against a variety of bacterial, fungal, and viral pathogens (Cheng, 
et al. 1999; Gluck, et al. 1999; Hathaway, et al. 1995; Katz, et al. 1997; Weltzin, et al. 
1997; Wu, et al. 1997a). For a comprehensive review see (Freytag and Clements 
2005).  
This adjuvant/toxin has ADP-ribosylating activity and has an AB5 structure: the A 
subunit has the enzymatic activity that is responsible for toxicity, whereas the B 
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subunit is a pentameric oligomer that binds receptor(s) located on the surface of 
eukaryotic cells. Due to the adjuvants toxic properties, its use in humans has been 
hampered (Levine, et al. 1983; Zurbriggen, et al. 2003). However, using site-directed 
mutagenesis a number of LT mutants have been generated that are fully non toxic or 
with dramatically reduced toxicity, which still retain their strong adjuvanticity at the 
mucosal level (Douce, et al. 1995). Among these mutants are LTK63 (serine-to-lysine 
substitution at position 63 in the A subunit). The X-ray structure of LTK63 shows 
complete identity to wild-type LT with only lysine present within the catalytic site 
preventing any ADP-ribosylation (Merritt, et al. 1994; Sixma, et al. 1993). A number 
of animal studies have shown that LTK63 is a strong mucosal adjuvant when co-
delivered with many different antigens, although its activity is reduced in comparison 
to wild-type LT. For comprehensive reviews see (Peppoloni 2003; Pizza, et al. 2001). 
Currently LTK63 is undergoing phase I human trails to determine safety.  
 

1.4.4 Nasal Associated Lymphoid Tissue 

1.4.4.1 General features 

Rodent NALT is a paired bell-shaped secondary lymphoid organ located at the base of 

the nasal cavity and is considered the equivalent of the Waldeyer’s ring (tonsils and 

adenoids) in humans (Kuper, et al. 1990; Kuper, et al. 1992). The NALT contains 105-

106 cells that form a lymphoid cell aggregate which is covered with ciliated 

epithelium containing microfold (M) cells and follicle-associated epithelium (FAE). 

The NALT, situated at the entrance to the pharyngeal duct, is the most significant well 

organised mucosal inductive site in the URT. As well as this organised NALT (O-

NALT) there is also less well organised NALT called diffuse NALT (D-NALT) 

which lines the nasal passages (Asanuma, et al. 1997; Kuper, et al. 1992; Liang, et al. 

2001).  

 

 

1.4.4.2 Structure of the NALT 

Unlike Peyer’s patches (PP) and peripheral lymph nodes which are already present in 

the embryo, fully developed NALT does not appear in mice until 5-8 weeks after birth 

(time of weaning).  NALT is a well organised lymphoid structure consisting of B and 
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T cell areas interspersed with FAE, high endothelial venules (HEV), macrophages and 

dendritic cells (DC). Antigen-sampling M cells are also present in the respiratory 

epithelium that covers the NALT and enable the efficient absorption and sampling of 

particulate antigens that are inhaled (Hameleers, et al. 1989; Karchev and Kabakchiev 

1984; Spit 1989). It is the specialised structure of M cells that allows this transport of 

macromolecules and particles across the epithelium. The basolateral surface of M 

cells is deeply invaginated whereby large intraepithelial pockets are formed, which 

serve as the collect site for transcytosed material.  It is within this characteristic 

pocket feature of M cells that interactions between antigen and lymphocytes, 

macrophages and antigen presenting cells (APC) can occur for induction of an 

immune response. Very few studies have examined M cells within the NALT directly; 

most have concentrated on the M cells that overlie PP. However, due to the structural 

and distribution similarities between NALT and PP M cells it is likely that most 

characteristics found in PP M cells are attributable to those in NALT (Fujimura 2000). 

Differences that have been studied are the lectin binding patterns. Both rat and 

hamster M cells within the NALT stain specifically for GSI-B4, a lectin from 

Griffonia simplicifolia, directed against α-linked galactoses, whereas M cells within 

PP are specific for Ulex europaeus agglutinin-1 which binds to α-linked fucose 

(Giannasca, et al. 1997; Takata, et al. 2000). In addition to M cells, which can be 

found in small clusters or alone, the epithelium covering the NALT also contains a 

few mucus goblet cells. The NALT lymphoid population contains an equal number of 

B and T cells with a CD8+ to CD4+ T cell ratio of 1:4. Unlike PP which have small 

developed germinal centres (GC) in naïve animals, it is only upon direct stimulation 

with antigen that GC develop within the NALT (Asanuma, et al. 1997; Weinstein and 

Cebra 1991). The NALT therefore has all the lymphoid cells required for the 

development of systemic and local immunity after the intranasal administration of 

antigen (see Figure 1.9).  
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Figure 1.9: Schematic representation of compartments and cellular composition of NALT. 

B, B cell; T4, CD4-positive T cell; T8, CD8-positive T cell; Mph1, Mph2, Mph3, macrophages positive 

for ED1, ED2 or ED3 (macrophage surface antigens), respectively; IDC, interdigitating dendritic cell; 

FDC, follicular dendritic cell; HEV, high endothelial venule; M, microfold epithelial cell (Davis 2001). 

 

Lymphocyte migration and the binding properties of HEV within NALT are unique 

among lymphoid tissues. All HEV situated within the NALT express peripheral node 

addressin (PNAd) alone, or PNAd associated with mucosal addressin cell adhesion 

molecule-1 (MAdCAM-1), with initial naïve lymphocyte binding being primarily 

mediated via PNAd-L-selectin interactions. In addition, HEV are also found in the B 

cell compartments of the NALT along with T cell areas (Csencsits, et al. 1999). The 

greatest addressin expression profile of follicular DC (FDC) found within the B-cell 

areas of the NALT is MAdCAM-1, with some vascular cell adhesion molecule-1 

(VCAM-1) expression, and their location may play an important role in lymphocyte 

recruitment and retention (Csencsits, et al. 2002). It is through these HEV that 

lymphocyte migration takes place, with the efferent lymphatics draining into the CLN 

of the upper thorax region.  
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1.4.4.3 Function of the NALT 

Previous studies have proven that the NALT is a major mucosal inductive site 

(Kiyono and Fukuyama 2004; Wu 1997). Therefore, new vaccination strategies based 

on nasal application have been designed to prevent diseases caused by infectious 

agents with a mucosal portal of entry. Tracking studies, using microspheres and 

viruses in animals have shown that these antigens are rapidly deposited in NALT after 

nasal administration and that cellular activation can take place (Carr, et al. 1996; 

Eyles, et al. 2001a; Eyles, et al. 2001b; Kuper, et al. 1992; Velin, et al. 1997). 

Recently, a study examined the uptake of fluorescent microparticles into the 

epithelium of human adenoid tissues. Transmission microscopy revealed that 

microparticles were taken up by the M cells of human nasopharyngeal tissues with the 

smallest particles (0.2µm) showing greater uptake than those larger than 0.5µm. In 

addition it was also noted that surface coatings with poly-L-lysin or chitosan resulted 

in efficient uptake into the NALT (Fujimura, et al. 2006). However, the introduction 

of soluble antigens into the nasal mucosa can lead to immunological non-

responsiveness or tolerance (Hall, et al. 2003; Unger, et al. 2003). Hence, there are 

extremely complex mechanisms operating at the level of the nasal immune system to 

regulate highly specialised processes, such as immune reactivity and mucosal 

tolerance. 

 

Intranasal delivery of particulate and soluble antigen results in uptake through M cells 

of the FAE, yet soluble antigens can also pass directly through the nasal epithelium of 

D-NALT. After antigens are sampled and transported to the underlying lymphoid 

cells in the submucosa, antigen processing and presentation occurs. This results in 

activation of T cells, which in turn provide help to B cells to develop into IgA plasma 

cells to induce both humoral and cellular immune responses. Recently, a strain of 

Streptococcus gordonii expressing on its surface a model vaccine antigen fused to the 

ovalbumin (OVA) peptide was used to study in vivo adoptive transfer of ovalbumin-

specific transgenic T cells. The recombinant strain activated the OVA-specific CD4+ 

T-cell population in the NALT just 3 days following intranasal immunisation. In the 

CLN, the percentage of proliferating cells was initially low, but it reached the peak of 

activation at day 5 (Medaglini, et al. 2006). This work indicates that the NALT is the 

site of antigen-specific T-cell priming. Several studies have indicated that intranasally 
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administered antigens stimulate CD3+CD4+ T cells within the NALT to become either 

TH1 or TH2 cells (Hiroi, et al. 2001; Hiroi, et al. 1998; Yanagita, et al. 1999).  Hiroi 

and colleagues used reverse transcription-PCR (RT-PCR) to analyse the cytokine 

profiles of mucosal T cell within O-NALT and D-NALT, and revealed that the 

predominant cytokine profile expressed by CD4+ T cells in O-NALT was that 

normally associated with naïve and resting TH0 T cells. When these T cells were 

stimulated with anti-αβ TCR, anti-CD3 or mitogens, they expressed an array of both 

TH1 and TH2 cytokines, indicating that these T cells are programmed to become TH1 

or TH2 cells immediately following antigen exposure via the nasal tract.  Conversely 

the CD4+ T cells within D-NALT, which lines the nasal passages, showed high 

expression levels of TH2 cytokines including IL-4 and IL-10, along with a lower 

frequency of TH1 cytokine including IL-2 and IFN-γ expressing CD4+ T cells 

(Rodriguez-Monroy, et al. 2007). This group also found that the O-NALT contained a 

lower number of these spontaneously cytokine expressing T cells in comparison to D-

NALT of the nasal passages (Rodriguez-Monroy, et al. 2007). These studies suggest 

that O-NALT may be a mucosal inductive site, whereas the D-NALT may function as 

an effector site. A number of studies have used nasal delivery of protein antigens 

(such as bacterial cell-wall components or virus-associated antigens) or live vectors 

together with the mucosal adjuvant CT to show the induction of TH1 and/or TH2 

antigen-specific responses in NALT T cells. These immunisations also led to the 

induction of immune responses at distinct mucosal effector sites including the genito-

urinary, respiratory and intestinal tracts (Hiroi, et al. 2001; Imaoka, et al. 1998; 

Kurono, et al. 1999; Yanagita, et al. 1999). Within the NALT, the majority of T cells 

express the αβ T-cell receptor (αβTCR) with few γδ TCR+ T cells (Asanuma, et al. 

1995).  However, Hiroi and colleagues have shown that the D-NALT within the nasal 

passages contains a higher frequency of these γδ T cells than the O-NALT.  This 

group has postulated that the nasal passages may represent an area of extrathymic 

differentiation of T cells, since this area contains CD4-CD8+ and CD4-CD8- γδ T 

cells, similar to those of the γδ T cells in the intestinal intraepithelial lymphocytes (i-

IEL) (Hiroi, et al. 1998).  

 

Accumulating evidence suggests that NALT is also capable of generating CTL 

(Porgador, et al. 1998; Wiley, et al. 2001; Zuercher, et al. 2002). Zuercher et al 

demonstrated that virus-specific CTLs could be detected in the NALT after nasal 
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infection with reovirus at 5-fold higher frequency than those detected in the CLN 

(Zuercher, et al. 2002). Further work by Wiley and colleagues showed that influenza-

specific CTLs accumulated and persisted in both the O-NALT and D-NALT 

following primary intranasal infection. However in comparison to D-NALT, antigen-

specific CTLs within the O-NALT accumulated and diminished over a longer time 

course during secondary influenza infection (Wiley, et al. 2001).  

 

Due to the large numbers of inhaled antigens that pass through the NALT, this 

mucosal tissue has to have high tolerogenicity. However, no, or very few, classical 

regulatory T cell such as those expressing CD4+CD25+ and CD4+CD45RBlow have 

been found within nasal tissues (Asseman, et al. 1999; Powrie, et al. 1996; Powrie and 

Maloy 2003). Recently, Rharbaoui and colleagues characterised a B220+ lymphoid 

subpopulation that had immune modulatory functions within the NALT. They 

demonstrated that B220lowCD4–CD8–CD19– cells constituted a large subpopulation of 

cells within NALT and their main mechanism of cell death was Fas-independent 

apoptosis. These cells exhibited a capacity to down-regulate mature T cell activation 

via secretion of soluble factors in cooperation with CD4+ T cells. However, the innate 

immunity receptor TLR2 was also highly expressed on this cell subpopulation, and 

when the TLR2/6 signalling cascade was stimulated in vivo it lead to an activated 

phenotype of these cells (Rharbaoui, et al. 2005).  

 

IgA is the major isotype of antibody produced by NALT (Heritage, et al. 1997; Wu, et 

al. 1997b). Several in depth studies have shown that specific IgA producing B cells 

are induced in both the O-NALT and D-NALT after intranasal administration of 

antigen (Asanuma, et al. 1998; Tamura, et al. 1998; Zuercher, et al. 2002). Liang and 

colleagues showed that both the O-NALT and the D-NALT are capable of producing 

virus-specific antibody in response to influenza virus infection, although the 

frequency of specific antibody-forming cells in the D-NALT was much greater than 

the frequency observed in the O-NALT and CLN (Liang, et al. 2001). In the same 

study, an 18 month analysis was performed and showed that the D-NALT, but not the 

O-NALT, was the site of long-term virus-specific humoral immunity which lasted for 

the life of the animal. These data indicate that the NALT is not only a major inductive 

site of IgA switching, but also the site that IgA blasts can migrate from O-NALT to 

the effector site of D-NALT, which lines the nasal passages, to provide local long-
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term specific antibody production. Zuercher and colleagues demonstrated that after 

intranasal infection with reovirus, production of antigen-specific IgA antibodies was 

preceded by the induction of GC and the expansion of IgA+ B cells in the NALT 

(Zuercher, et al. 2002). Significant proportions of IgG antibodies are also produced in 

the NALT; however it is only IgA producing cells that show affinity maturation 

(Shimoda, et al. 2001; Zuercher, et al. 2002). 

 

NALT and the nasal mucosa drain directly to the superficial and posterior CLN. These 

lymph nodes (LNs) are designed to optimise interaction between APC and T and B 

lymphocytes. Lymph fluid enters the node via the afferent lymphatics, and passes 

through the sinuses, which are lined with macrophages, before finally leaving via the 

efferent lymphatic that ultimately drains into the portal vein.  

Lymphocytes actually enter the node primarily from the blood, via specialised 

endothelia, which are located within T areas. DC migrating from the tissues also enter 

the node, and move into these T cell regions. B cells entering nodes from the blood 

must cross the T cell rich area in transit to the B cell rich areas, thus optimising the 

chance of T-B cell co-operation. The B cell rich areas contain mature, resting B cells 

organised into structures around FDC (primary follicles) (see Figure 1.10).   

 
Figure 1.10: Diagram of a lymph node 
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Although an inhaled particulate impacting on the mucus layer of the nasal mucosa can 

be rapidly cleared by ciliary motion, it could also be selectively delivered to the 

organised NALT structures, thereby triggering immune responses (Wu, et al. 1997b). 

After initial induction in NALT, antigen-specific B and T lymphocytes are amplified 

in the draining LNs, and proceed via the lymph into the circulation, from which they 

‘home’ to distant mucosal effector sites. These draining LNs also produce large 

amounts of antigen-specific IgG antibodies, which can also migrate to distant sites, 

leading to systemic (serum IgG) immunity. In general, NALT-targeted immunisation 

induces antigen-specific immunity in the respiratory and reproductive tissues, 

demonstrated by NALT IgA committed B cells efficiently trafficking to the 

respiratory and genitor-urinary tracts through complementary ligand patterns (Kunkel, 

et al. 2003; Lazarus, et al. 2003). A recent study by Wiley et al, where both the NALT 

and CLN were removed in mice, demonstrated that though both tissues participate in 

the generation of local immunity to influenza infections, neither was essential for the 

development of protective immunity and viral clearance in the URT (Wiley, et al. 

2005).  

 

1.4.4.4 Waldeyer’s ring 

The presence of lymphoid tissue in the human pharynx was first recognised in 1884 

by Waldeyer. He described what is now know as the Waldeyer’s ring, which consists 

of the palatine, pharyngeal (adenoid), lingual and tubal tonsils along with the lateral 

pharyngeal lymphoid bands (see Figure 1.11 below) (Waldeyer-Hartz 1884). The 

tonsils are responsible for the sampling of respiratory antigens by trapping foreign 

material in the crypts of the stratified squamous epithelium that covers their surface. 

The adenoids are covered by ciliated columnar epithelium with cleft like 

invaginations. This specialised architecture enables the tonsils and adenoids to initiate 

immunological responses in the URT (Perry and Whyte 1998).  
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Figure 1.11: Pharyngeal lymphoid tissue of Waldeyer's ring.  

Pharyngeal lymphoid tissue of Waldeyer's ring comprises the nasopharyngeal tonsil or adenoid, the 

paired tubal tonsils, the paired palatine tonsils and the lingual tonsil. All four micrographs show that the 

surface of the tonsils is in each case covered with pharyngeal epithelium (Perry and Whyte 1998). 

 

Like the NALT, the lymphoid structures of the Waldeyer’s ring have an epithelial 

barrier that has specialised M-cells that facilitate transport of antigens to the B and T 

cell zones of the tissue (Claeys, et al. 1996a; Claeys, et al. 1996b; Karchev 1996). The 

distribution of T and B cell subsets, cytokine patterns, and antibody isotype profiles 

are similar for both adenoids and tonsils. Both tissues contain predominantly B cells (

65%), approximately 5% macrophages, and 30% CD3+ T cells. The T cells are 

primarily of the CD3+CD4+ subset ( 80%). Tonsillar intraepithelial lymphocytes are 

also enriched in B cells. Analysis of dispersed cells revealed a higher frequency of 

cells secreting IgG than IgA and the predominant Ig subclass profiles were IgG1 > 

IgG3, and IgA1 > IgA2, respectively. As described in the NALT, mitogen-triggered T 

cells from tonsils and adenoids produce both TH1- and TH2-type cytokines (both IFN-

γ and IL-5), exhibiting their pluripotentiality for support of cell-mediated and antibody 

responses (Boyaka, et al. 2000; McGhee and Kiyono 1992). Also, similar to the 

NALT, tonsils and adenoids do not start development until after birth, when postnatal 

immunological challenges initiate the tonsillar follicles and plasma cells to develop 
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(Zenner and Brunner 1988). It is also during childhood that the Waldeyer’s ring is at 

its most immunologically active, although with age the follicular mantle zones and 

reticular crypt epithelium are reduced (Brandtzaeg 1988). Debertin and colleagues 

have shown that 38% of young children in a post-mortem study had a structure like 

the NALT that is morphologically distinct from the Waldeyer’s ring. In contrast to 

rodent NALT, this human NALT is maybe more representative of D-NALT, as it was 

found disseminated in the nasal mucosa mainly in the middle concha (Debertin, et al. 

2003). These anatomic differences between rodents and humans may reflect 

differences in breathing patterns. Animals with predominant or exclusive nose 

breathing, such as rodents, have well developed NALT and bronchus-associated 

lymphoid tissue (BALT), whereas in species with mixed breathing through nose and 

mouth, tonsillar structures in the pharynx can be seen, i.e. the Waldeyer’s ring.  

 

The question of whether removal of tonsils may compromise protection of the upper 

respiratory tract and result in humoral immunodeficiency has been the subject of 

debate (Dolen, et al. 1990; Donovan and Soothill 1973). Combined adenoidectomy 

and tonsillectomy were reported to reduce IgA titres in nasopharyngeal secretions to 

poliovirus and to delay or abrogate the local mucosal immune response to the live 

polio vaccine (Ogra 1971). Another study reported that tonsillectomy leads to a 

decreased serum and salivary IgA for a period of 3 years or longer (D'Amelio, et al. 

1982).  

 

1.4.5 Gut Associated Lymphoid Tissue 

The gut associated lymphoid tissue (GALT) is the largest collection of lymphoid 

tissues in the body, consisting of both organised lymphoid tissues, such as mesenteric 

lymph nodes (MLN) and Peyer's patches (PP), and more diffusely scattered 

lymphocytes in the intestinal lamina propria (LP) and epithelium including large 

numbers of IgA+ plasmablasts. Initial colonisation of the GALT with intestinal flora 

starts at birth and this colonisation with bacteria is critical for the normal structural 

and functional development and optimal function of the GALT (Macpherson, et al. 

2000; Moreau and Corthier 1988; Talham, et al. 1999). The GALT is covered with a 

single layer of cells, the intestinal epithelium which is interspersed, in some regions, 

by specialised M cells. M cells use transepithelial vesicular transport to carry 
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microbes to APCs in the underlying GALT (Kraehenbuhl and Neutra 2000). The 

GALT is divided into discrete inductive and effector sites. M cells are contained 

within inductive sites in the GALT, known as the PP. PP are aggregations of 

lymphoid follicles found primarily in the distal ileum of the small intestine, located 

within the dome-like structure of the FAE. Like LNs, PP have B cell follicles and 

germinal centres that are surrounded by areas that contain predominantly T cells. Both 

CD4+ and CD8+ T cells are present within PP with the predominance of IFN-γ 

secreting cells and few IL-4, IL-5 or IL-10 secreting cells. A subpopulation of CD4+ T 

cells that co-express CD25 (the α-chain of IL-2R) with regulatory function has been 

identified in the mucosa, and has been purported to be generated by the exposure of 

intestinal immune system to luminal antigens. These cells appear to play an important 

role in the induction and maintenance of tolerance in the normal intestine through the 

production of TGF-β and IL-10 (Shevach 2000). The GALT also contains loosely 

organised effector sites, primarily within the lamina propria of the intestinal villi. The 

lymphocytes found in the lamina propria are largely IgA-secreting plasma cells and 

memory T-effector cells. Polymeric IgA, one of the hallmarks of the intestinal 

humoral immune system, is produced to defend mucosal surfaces from environmental 

microbes (Farstad, et al. 2000). See Figure 1.12 for an overview of the GALT. For a 

comprehensive review see (Forchielli and Walker 2005).  
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Figure 1.12: Gut associated lymphoid tissue 

The gut-associated lymphoid tissue (GALT) is divided into inductive (Peyer's patch) and effector 

(lamina propria) sites. In the immunofluorescence images shown, T cells are green and dendritic cells 

(DCs) are red. a | Similar to lymph nodes, the Peyer's patch contains B-cell follicles. The follicle-

associated epithelium (FAE) covers the dome of the Peyer's patch. Transport across the epithelium 

occurs through both specialised M cells and by DCs that extend their processes through epithelial tight 

junctions. DCs are present in both the subepithelial dome (SED) and the interfollicular T-cell areas and 

are visible as stellate (red) cells in these sites. b | The intestinal villus epithelium contains an unusual 

population of intraepithelial lymphocytes (IELs) which reside above the epithelial basement membrane. 

Scattered lamina propria (LP) effector cells — T cells (T), IgA-secreting B cells (B) and DCs — are 

located within the villi (Nagler-Anderson 2001). 
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1.5 Live recombinant bacterial vaccines 

Live recombinant bacteria represent an attractive means to induce both systemic and 

mucosal immune responses against pathogens. Vaccines based on attenuated bacterial 

carriers are cost-efficient in terms of production and delivery, and frequently stimulate 

more potent immune responses then non-replicating formulations. These attenuated 

bacterial antigen vectors can be used to induce immunity to their corresponding 

pathogenic strain or they can be modified to deliver protective heterologous (foreign) 

antigens, plasmid DNA or other macromolecules such as immune modulators, and 

can therefore provide the possibility of conferring protection against a variety of 

infectious diseases or as therapy for other illnesses (Roland, et al. 2005).  

 

1.5.1 Live, attenuated Salmonella vaccines and vectors 

1.5.1.1 Salmonella pathogenesis 

Salmonella are gram negative bacteria that cause gastroenteritis and typhoid fever. 

Pathogenic salmonellae that are ingested and survive the gastric acid barrier traverse 

the intestinal mucus layer before adhering and invading the intestinal epithelium. A 

small number of bacteria transcytose to the basolateral membrane, where Salmonella 

serotypes clinically associated with enteritis induce fluid and electrolyte secretion, and 

initiate recruitment and transmigration of neutrophils into the intestinal lumen. After 

penetration of the lamina propria and the submucosa, they are phagocytosed by 

macrophages. Salmonella serotypes that cause systemic infection enter macrophages, 

survive and persist in the intracellular environment by circumventing the 

microbiocidal functions of the phagocyte. Migration of infected phagocytes to other 

organs of the reticuloendothelial system, via the lymphatics and blood, may then 

facilitate dissemination of bacteria in the host. For a comprehensive review see (Ohl 

and Miller 2001). 
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1.5.1.2 Immune response to infection with Salmonella 

During the initial stages, macrophages, neutrophils and DC are all recruited to the site 

of infection, and process antigen for presentation to T and B cells. Cell wall 

components of Salmonella, such as LPS, induce a massive inflammatory response in 

the surrounding tissue, resulting in the expression of an array of cytokines and 

chemokines. Although the innate mechanisms of the immune system are highly 

effective in restricting initial growth of Salmonella, an adaptive response is required 

for eventual effective elimination of the pathogen.  Salmonella infection induces the 

generation of specific CD4+ and CD8+ T cells, as well as γδ T cells. Cytokines are 

also produced by T cells, as well as NKC early in infection and contribute to various 

steps of the host inflammatory and immune response. Primarily IFN-γ, but also TNF-

α, are required for macrophage activation and stimulation of antimicrobial defence 

mechanisms. IFN-γ, as well as its inducing factors IL-12 and IL-18, is critical in 

directing the ensuing T-cell response towards the TH1 pole. Infection with Salmonella 

also results in a profound antibody response against both non-protein antigens (e.g. 

LPS), and protein antigens. Serum antibodies, as well as mucosal IgA and IgM, are 

produced, which may help in the control of infection by prevention of bacteria 

binding to cell surfaces, complement activation, and opsonisation. Reviewed in 

(Mittrucker and Kaufmann 2000).  

 

1.5.1.3 Salmonella as vaccine vectors  

Salmonellae are the most widely exploited and well characterised of the bacterial 

vaccine carrier system, perhaps in part due to the ease in which they can be 

genetically manipulated (Sirard, et al. 1999). Attenuated Salmonella colonise on, or 

invade through mucosal surfaces and/or MALT, and can be used to deliver antigen or 

DNA to elicit mucosal, systemic and cellular immune responses to bacterial, viral, 

parasitic and fungal pathogens.  Two Salmonella enterica serovars, S. Typhimurium 

and S. Typhi, have been the most widely used as vaccine vectors. The introduction of 

defined, non-reverting mutations affecting genes in metabolic pathways (aro, pur), 

cAMP regulation (cya, crp), or in virulence (phoP-phoQ) has resulted in several 

avirulent strains that preserve various degrees of invasiveness and immunogenicity, 

and are suitable for vaccination purposes (Clare and Dougan 2004).  
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1.5.1.3.1 S. Typhi vaccine vectors 

Most work on developing a live recombinant vaccine against S. enterica serovars has 

concentrated on S. Typhi. Few attempts have been made to develop human vaccines 

against other S. enterica serovars as most normally only cause localised 

gastroenteritis, while S. Typhi causes typhoid fever in humans. In fact the strain 

Ty21a, which contains a galE mutation, was the first and only live oral typhoid 

vaccine to be licensed for use in humans. However, Ty21a is weakly immunogenic 

and genetically undefined, making it not a particular attractive for use as a live 

vaccine vector. Subsequently, a number of new S. Typhi vaccine strains have been 

developed that contain defined mutations allowing for more effective attenuation 

including S. Typhi CVD-908htrA, Ty800 and ZH9, which have all demonstrated good 

reactogenicity and immunogenicity in humans (Hindle, et al. 2002; Hohmann, et al. 

1996; Khan, et al. 2003; Tacket, et al. 2000). Salmonellae were among the first 

bacteria used as recombinant vectors for antigen delivery with Formal and colleagues 

performing pioneer studies in the 1980s, using Ty21a to express a Shigella surface 

antigen (Curtiss 2002; Formal, et al. 1981). Animals and humans were immunised 

with the construct Ty21a expressing this heterologous Shigella antigen, which was 

shown to induce protection in animals after S. Typhi and Shigella sonnei challenges, 

and induce significant IgA titres in humans (Black, et al. 1983; Van de Verg, et al. 

1990). Recently, the newly developed S. Typhi vaccine strains have also been 

modified to deliver one or more heterologous antigen(s) (Khan, et al. 2007; 

Microscience 2004a; Microscience 2004b). 

 

1.5.1.3.2 S. Typhimurium vaccine vectors 

The development of S. Typhimurium vectors is based on the notion that the prolonged 

intestinal phase of the organism may induce immune responses in the GI-tract that is 

qualitatively and/or quantitatively different than those elicited by S. Typhi. Attenuated 

S. Typhimurium SL3261 expressing P. aeruginosa serogroup O11 O antigen, was 

used to vaccinate animals to protect against P. aeruginosa infection in an acute fatal 

pneumonia model. Immunised animals showed increased survival and significantly 

fewer bacteria in the lungs compared to controls (DiGiandomenico, et al. 2004). 

Evans and colleagues used attenuated strains of S. Typhimurium expressing fragments 

of the simian immunodeficiency virus (SIV) Gag protein fused to the type III-secreted 
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SopE protein to induce priming of virus-specific CTL responses in rhesus macaques. 

Good CTL responses were detected only after three oral doses of recombinant 

Salmonella, followed by a peripheral boost with modified vaccinia virus Ankara 

expressing SIV Gag (MVA Gag). However, Salmonella-primed/MVA-boosted 

animals did not exhibit improved control of virus replication following a rectal 

challenge with SIVmac239 (Evans, et al. 2003). This vaccine is currently in phase I 

trials. The first S. Typhimurium vector expressing heterologous antigens tested in 

humans was performed by Angelakopoulos and colleagues. Attenuated strains of S. 

Typhimurium LH1160 expressing the Helicobacter pylori ureAB genes were used to 

orally immunise volunteers. A single oral dose was generally well tolerated, and over 

half of the volunteers developed antibody responses to UreAB (Angelakopoulos and 

Hohmann 2000). Most recently, Kotton and colleagues administered a recombinant S. 

Typhimurium vaccine vector expressing HIV Gag. Eighteen healthy adults were given 

single escalating oral doses of the vaccine with adverse events being mild except at 

the highest dose. Over 80% of the subjects developed anti-Salmonella immune 

responses. However, only a small number of subjects had any detectable anti-gag IL-2 

and IFN-γ responses (Kotton, et al. 2006). 

 

1.5.1.3.3 Immune responses generated after immunisation with Salmonella 

vectors 

Oral vaccination with live attenuated Salmonella vectors results in the generation of 

both Salmonella and heterologous antigen specific humoral and cellular immune 

responses, normally biased towards the TH1 phenotype. Studies undertaken with a S. 

Typhimurium vaccine strain expressing Tetanus toxin fragment C (TetC) resulted in 

TetC-specific IgG2a and mucosal IgA antibody responses. TetC stimulated CD4+ T 

cells, isolated from both mucosal and systemic tissues, produced IFN-γ, IL-2 and IL-6 

as well as IL-10, but not IL-4 or IL-5 (VanCott, et al. 1996). Immunisation with the a 

recombinant S. Typhi Ty21a vaccine vector expressing urease A and B from H. pylori 

were found to have anti-urease antibodies, as well as antigen specific IFN-γ responses 

in most volunteers tested (Bumann, et al. 2001).  
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1.6 Hypothesis 

Given that M. tuberculosis is a pathogen that infects its host via the mucosal surface 

of the lung, I hypothesise that mucosal administration of the tuberculosis fusion 

antigen Ag85B-ESAT6 will be appropriate for stimulating both local and systemic 

immune responses strongly biased towards the TH1 phenotype. Mucosal immunisation 

of this antigen will induce both innate and adaptive immune responses, both at the site 

of administration as well as distal effector sites, with these responses being potent 

enough to protect vaccinated animals after aerosol challenge with pathogenic M. 

tuberculosis.  

 

1.7 Aims of this thesis 

The aims of this project were to employ the M. tuberculosis fusion antigen Ag85B-

ESAT6 in a number of different vaccination regimens. Techniques such as ELISAs 

and cytometric bead analysis (CBA) were used to establish levels of immunogenicity, 

and a challenge study was performed to determine levels of protection in animal 

models compared to the current BCG vaccine, with the final goal of identifying the 

most promising vaccine candidate. A further aim was to investigate both phenotypic 

and functional aspects of innate immune responses shortly following intranasal 

immunisation with model antigens and mucosal adjuvants. By utilising techniques 

such as immunofluorescence, flow cytometry and antibody depletion I hope to gain a 

better understanding of the underlying mechanisms, the cell populations involved, 

localisation of these antigens within cell populations, and the trafficking patterns of 

these immune cells early after immunisation in both the NALT and the CLN. From 

these studies I observed large increases in the percentage of NKC in both lymphoid 

tissues and wished to explore how these cells might influence the induction of antigen 

specific adaptive immune responses after mucosal immunisation. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Reagents 

All chemicals were obtained from Sigma (Poole, Dorset, UK) or BDH Ltd (Poole, 

Dorset, UK) unless otherwise stated. Reagents were prepared and stored according to 

(Sambrook 1989) or manufacture’s guidelines. Water was deionised using a purite 

water system.  

 

2.1.2 Bacterial strains 

Table 2.1: Bacterial strains used during study 

Bacterial strain Characteristics Reference/Source 

S. Typhimurium 
SL3261 aroA deletion 

(Hoiseth and Stocker 
1981) supplied by 

Derek Pickard 

E. coli JM109 F´ traD36 proA+B+ lacIq Δ(lacZ)M15/ Δ(lac-proAB) 
glnV44 e14- gyrA96 recA1 relA1 endA1 thi hsdR17 Promega 

E. coli TOP10 
F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 

recA1 araD139 Δ(araleu) 7697 galU galK rpsL (StrR) 
endA1 nupG 

Invitrogen 

S. Typhimurium 
LB5010 

metA22 metE551 ilv-452 leu-3121 trpΔ2 xyl-404 
galE856 hsdLT6 hsdSA29 hsdSB121 rpsL120 

 

(Bullas and Ryu 
1983) supplied by 

Derek Pickard 

S. Typhimurium TML Wild-type (human gastroenteritic origin) 
(Giannella, et al. 

1973) supplied by 
Derek Pickard 

M. tuberculosis Erdman  Wild-type 

Statens Serum 
Institute, 

Copenhagen, 
Denmark 

M. bovis BCG Danish 
1331 Freeze-dried vaccine strain 

Statens Serum 
Institute, 

Copenhagen, 
Denmark 
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2.1.3 Plasmid vectors 

Table 2.2: Plasmid vectors used during study 

 

2.1.4 Oligonucleotide primers 

Table 2.3: Details of primers used during study 

Target DNA Primer Name Primer Sequence (5'- 3') 
ssaG promoter from TML strain  ssaGF CCTGGCAGGGATTGGGCATGCTATTGCCATCGCGGA 

(primers designed to include SphI and 
BglII sites) ssaGR ACTAATTGTGCAGATCTCATAATGCTTTTCCTTAAA 

Ag85B-ESAT6 from pMCT60 (primers 
designed to include NcoI and BamHI) Myco Nco1F CCATCACATCGACCATGGGAAGATCTTTCTCCCGGCCGGG

GCTGCCGGTCGAG 
 Myco Nco1R TAGCTAGCTAGGATCCCGTGTTTCGCTATTC 
 QF50F GCGACTCCTGCATTAGGAAGCAG 

ssaG Ag85B-ESAT6  QF50R TTCCCAGTCACGACGTTGTA 
(sequencing primers for pRA263) DESTM1F TGCCATCGCGGATGTCGCCT 

 DESTM4R CGGTATATACCTGAAAACGA 
 940for GATGTACATCAAATGGTACCCCTTGC 
 940Rev2 CAGCCTAGCCGGGTCCTCAAC 
 940AnjamFor CGACCCGAACCGTGACATC 

nirB  Ag85B-ESAT6  MycoF1 CACAGGAAACAGGATCACTAAGGA 
(sequencing primers for pmyco940) MycoF2 AATCGGCTTGTCGATGGCCGGCTG 

 MycoF3 CAGGATGCGTACAACGCCGCGGGCG 
 MycoR2 CGAGCCGGCCATCGACAAGCCGATT 
 MycoR3 ACATTTCCCTGGATTGCGCTTGCCGC 
 MycoR4 CCGTGTTTCGCTATTCTACGCGAAC 

lacZ Ag85B-EAT6 from myco-p2795  phoNhensF GCTGTGGCCAGTTTGCGGGAAGACTTTCACCTTCAGTAATT
AAGATACGACTCACTCACTATAGGGCG 

(primers designed  to include phoN knock-
in regions (Hensel Vector)) phoNhensR CTGTTTATTATTGCCTGATCCGGAGTGAGTCTTTATGAAAAG

TTGACCATGATTACGCCAAGC 
lacZ Ag85B-ESAT6 phoNseqF GGTATGGACAGACGATAATGCCAGGGCA 

(sequencing primers for chromosomal 
phoN lacZ Ag85B-ESAT6 insert) phoNseqR GAATTCATGAGAATCGGGGAAACCAAAG 

 mycoseqR CGTGTTTCGCTATTCTACGCGAACTCGGCG 
 M13 Reverse CAGGAAACAGCTATGAC 
 M13 Forward GTAAAACGACGGCCAG 

Plasmid Size (bp) Comments Source 
pMCT6 
(Hyb1) 5810 Contains lacZ promoter plus lacIQ repressor and Ag85B-

ESAT6 
Statens Serum Institute, 

Denmark 
pQF50 6800 Used for cloning ssaG promoter driving Ag85B-ESAT6 clone Derek Pickard 

pmyconirB 4827 Includes nirB promoter plus Ag85B-ESAT6 This study 
pTOPO 3500 T-overhang vectors for cloning PCR fragments Invitrogen 

pGEM-Teasy 
vector 3010 T-overhang vectors for cloning PCR fragments Promega 

pMQ8 7900 Contains Ag85B-ESAT6 in pQF50 vector This study 
pBRD940 3727 Contains nirB promoter Derek Pickard 

pmycossaG 8400 Includes ssaG promoter plus Ag85B-ESAT6 (vector 
backbone is pQF50) This study 

p2795 4443 Hensel Vector for red recombinase system (Husseiny and Hensel 
2005) 

pmyco2795 ~ 5700 Hensel Vector plus lacZ Ag85B-ESAT6 This study 
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2.1.5 Proteins for immunisations  

Table 2.4: Proteins used in immunisations 

Protein Concentration (µg/mL) Source 
Ag85B-ESAT6 1, 10 or 25 Statens Serum Institute, Denmark 
Wild-type LT 1  Chiron, Italy 

LTK63 10 or 20 Chiron, Italy 
 

2.1.6 ELISA antibodies 

Table 2.5: Antibodies used for ELISAs 

Target molecule Host Isotype Conjugate Source 
IgG rabbit Ig HRP Sigma 
IgA rat IgG1 biotin Pharmingen 
IgA rat IgG1 none Pharmingen 

IgG1 rat IgG1 HRP Pharmingen 
IgG2a rat IgG2a HRP Pharmingen 
IgG2b rat IgG2a none Pharmingen 
IgG3 rat IgG2a none Pharmingen 
IgM rat IgG2a none Pharmingen 
IgE rat IgG1 none Pharmingen 
Ig rabbit Ig HRP Dako 

Streptavidin rat Ig HRP Dako 
Rat Ig rabbit Ig HRP Dako 

 

2.1.7 Immunofluorescence antibodies 

Table 2.6: Antibodies for Immunofluorescence staining 

Target Molecule Host Isotype Conjugate Source 
F4/80 rat IgG2b FITC Serotec 
Ly6G rat IgG2b PE Pharmingen 

VCAM-1 rat IgG2a unconjugated Pharmingen 
PNAd rat IgM unconjugated Pharmingen 

MAdCAM-1 rat IgG2a unconjugated Pharmingen 
CD11c hamster IgG PE Pharmingen 
ICAM-1 hamster IgG unconjugated Pharmingen 

PNA Arachis 
hypogaea N/A rhodamine Vector Labs 

B220 rat IgG2a FITC Pharmingen 

Rat IgG and IgM goat IgG AlexaFluor 488, 
568 and 633 Invitrogen 

Hamster IgG goat IgG AlexaFluor 488, 
568 and 633 Invitrogen 

Rabbit IgG goat IgG AlexaFluor 488, 
568 and 633 Invitrogen 
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2.1.8 Antibodies for FACS 

Table 2.7: Antibodies for FACS analysis 

Target Molecule Host Isotype Conjugate Source 
CD69 hamster IgG PE-Cy7 Pharmingen 
CD25 rat IgG1 APC-Cy7 or APC Pharmingen 
MHCII rat IgG2b FITC or PE Pharmingen 
CD11c hamster IgG PE-Cy7 Pharmingen 
F4/80 rat IgG2b PerCP Serotec 

VCAM-1 rat IgG2a APC Serotec 
Ly6G rat IgG2b PE Pharmingen 
DX5 rat IgM FITC or PE Pharmingen 

Vβ8.1, 8.2-TCR rat IgG1 PE-Cy5 eBioscience 
Vβ8.1, 8.2-TCR mouse IgG2a PE Pharmingen 

 

2.1.9 Mice 

Female Balb/c and C57BL/6 mice (5-6 weeks) from Charles River, UK were used in 

all animal experiments. All animals were given food and water ad libitum. Mice were 

sacrificed by cervical dislocation or exsanguination. Animal husbandry and 

experimental procedures were conducted according to the United Kingdom Animals 

(Scientific Procedures) Act 1986.  

 

2.2 Methods 

2.2.1 Bacterial growth conditions 

All stains were routinely grown at 37oC on Luria Bertani (LB) agar plates or in LB 

broth containing the appropriate antibiotic. For growth of aromatic-dependent 

Salmonella strains, cultures and plates were supplemented with Aro mix (containing 

40µg/mL each of L-phenylalanine, L-tryptophan and L-tyrosine, and 10µg/mL each 

of 4-para-amino benzoic acid and 2, 3-dihydroxybenzoic acid).  After electroporation, 

strains were grown in electroporation recovery media (SOC) and incubated with 

agitation at 220rpm for 1.5 hours at 37°C before being transferred to LB containing 

appropriate antibiotic.  S. Typhimurium were grown statically in broth cultures. E. 

coli cultures were incubated with shaking (220 rpm).  
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1.2.1.1 Growth conditions for overexpression of Ag85B-ESAT6 from in vivo 

inducible promoter 

For the overexpression of Ag85B-ESAT6 via the nirB promoter, Salmonella were 

grown anaerobically in LB broth containing suitable antibiotic. Cultures were left at 

37 oC for 24 hours in anaerobic jars in the presence of a palladium catalyst to remove 

any oxygen. For the overexpression of Ag85B-ESAT6 via the ssaG promoter, 

Salmonella were grown in a minimal medium based on the MM5.8 medium described 

by Hautefort et al. (Hautefort, et al. 2003). Specifically, the SPI II inducing medium 

contained; 5mM KCl, 7.5mM (NH4)2SO4, 0.5mM K2SO4, 1mM KH2PO4, 0.1% 

casamino acids, 38mM glycerol, 100mM Bis-Tris, 0.2% glucose and 10µM MgCl at 

pH 5.8. Cultures were left at 37oC for 24 hours. 

 

1.2.1.2 Growth conditions for M. tuberculosis 

Before aerosol challenge, M. tuberculosis Erdman was grown at 37°C in suspension 

in Sauton medium enriched with 0.5% sodium pyruvate and 0.5% glucose (Andersen, 

et al. 1991). After challenge, whole-organ homogenates were grown on 7H11 

medium. Organs from the BCG-vaccinated animals were grown on medium 

supplemented with 2 µg/ml 2-thiophene-carboxylic acid hydrazide to selectively 

inhibit the growth of the residual BCG bacteria in the test organs. Colonies were 

counted after 2–3 wk of incubation at 37°C. 

 

2.2.2 Animal methods 

2.2.2.1 Preparation for inoculation/immunisation 

2.2.2.1.1 Oral  

Cultures were grown overnight as described above (section 2.2.1). Bacteria were then 

centrifuged at 10000 rpm for 10 minutes at 4oC and resuspended in PBS (10% 

original volume). Mice received 200 µL (approximately 5 x 109 CFU of Salmonella) 

by oral gavage.  
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2.2.2.1.2 Intranasal 

Proteins for intranasal immunisation were diluted in PBS to obtain the appropriate 

concentrations. Each mouse was lightly anesthetised with isofluorane before receiving 

30 µL of immunisation solution into her nostrils (15µL/nare). 

 

2.2.2.1.3 Intraperitoneal 

Proteins for i.p. immunisation were diluted in PBS to obtain appropriate 

concentrations. Mice were lightly anesthetised with isofluorane before being injected 

with 300-500 µL of immunisation solution into their peritoneal cavity. 

 

2.2.2.1.4 Intravenous 

Proteins for i.v. injection were diluted in PBS to obtain the appropriate concentration. 

Mice were injected with 200 µL of solution into their tail vein. 

 

2.2.2.1.5 BCG immunisation 

The freeze-dried vaccine was rehydrated in PBS before vaccination. Mice received a 

single dose of BCG Danish 1331 (5 x 106 CFU) injected subcutaneously at the base of 

the tail. 

 

2.2.2.2 Experimental M. tuberculosis infections 

C57BL/6 mice were challenged by the aerosol route with 500 CFU of M. 

tuberculosis Erdman/mouse. The mice were sacrificed 5 weeks after challenge. 

Bacteria were enumerated in the liver, spleen, and lungs. CFUs were determined by 

serial 3-fold dilutions of individual whole-organ homogenates in duplicate as 

described below. 
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2.2.2.3 Determination of pathogen burden 

All organs were homogenised in 5mL of sterile water using a Seward Stomacher 80 

(Seward, London UK) for 2 minutes at high speed. Serial dilutions of each organ were 

plated onto 7H11 medium plates (described above in section 1.2.1.2) in duplicate. 

Colonies were counted after 2–3 wk of incubation at 37°C. 

 

2.2.2.4 Natural Killer Cells (NKC) depletion 

NKC were depleted from Balb/c mice by administration of 50µg of functional grade 

rabbit anti-asialo GM1 antibody (Wako Chemicals, Germany) in 0.2mL PBS by 

intravenous or 0.3mL intraperitoneal injection (Harshan and Gangadharam 1991; 

Stitz, et al. 1986). In addition, for depletion of NKC from both the NALT and CLN, 

mice were depleted intranasally with 5µg anti-asialo GM1 in 10µL PBS. Control 

animals received 50µg or 5µg of appropriate functional grade rabbit isotype control 

antibody (rabbit IgG, R+D Systems, UK). Injections were performed seven days prior 

to antigen immunisation and repeated every 3-4 days to maintain depletion. Intranasal 

depletions were performed five days prior to immunisation in between intravenous 

injections. Upon sacrifice, FACS analysis using PE or FITC-conjugated anti-DX5 

antibody was performed on spleens, NALT and CLN of depleted and control mice to 

quantify the level of depletion.  

 

2.2.3 Molecular Methods 

2.2.3.1 Plasmid DNA extraction 

Plasmid DNA was isolated from 10 mL overnight cultures of E. coli or S. 

Typhimurium strains harbouring plasmids using the Qiagen miniprep kit (Qiagen) as 

per the manufacturer’s instructions. 

 

2.2.3.2 Agarose gel electrophoresis 

Plasmid DNA and PCR products and restriction enzyme digestion samples were 

routinely subjected to electrophoresis on 0.5 % to 1.5 % agarose gels (depending on 

estimated sizes of fragments). Agarose gels were prepared by boiling agarose (Sigma 

ultra pure grade) in TAE. Once cooled, ethidium bromide was added (final 
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concentration 0.5 –1.0 μg/mL). DNA samples were mixed with one-sixth volume of 

tracking dye (0.25 % bromophenol blue, 0.25 % xylene cyanol 30 % glycerol, 6 mM 

EDTA, filter sterilised - 0.22 μm filter) and loaded onto the gel (5 μL per lane for 

PCR products, 25 μL for restriction enzyme digests). On all agarose gels presented 

the size of the product is compared to 1 Kb Plus DNA LadderTM (Invitrogen) which 

has 12 regularly spaced bands ranging from 1000 bp to 12,000 bp. Electrophoresis 

was performed at a constant voltage (80–100 V). The DNA was visualised by 

illumination on UV transilluminator and photographed using UVtech DNA 

documentation system.  

 

2.2.3.3 DNA digestion  

All restriction endonucleases used were supplied by New England Biolabs. Selection 

of an appropriate endonuclease was performed in silico by using WEBCUTTER 

(http://www.webcutter.com). Restriction enzyme digestions of DNA were carried out 

as recommended by the manufacturer (New England Biolabs). In general, 5 to 20 

units of enzyme were used per μg of genomic DNA along with 5 mL of appropriate 

10x buffer, made up to 50 µL with water. Digestion of plasmid DNA was normally 

for 1.5 - 2 hours at the recommended temperature (normally 37 oC) in a water bath, 

while for chromosomal DNA digestion was allowed to proceed overnight. When 

complete, 1 µL of 6x loading dye was added to each digest and the reaction was 

stored at –20 oC until required.  The digests were then examined on a 1 % agarose gel. 

 

2.2.3.4 DNA ligation 

Ligations of DNA fragments and vectors were carried out using T4 DNA ligase and 

buffer as per the manufacture’s instructions (Roche). The reactions were carried out in 

a total volume of 10-20 µL in the presence of ligation buffer and ATP (1 mM). 

Ligations were incubated overnight at 4 oC. Controls of (a) no DNA ligase or (b) no 

insert were also set-up at the same time as ligation of vector and insert reaction. 

Following ligation, samples were transformed into competent host bacteria (Section 

2.2.3.10). To determine the success of the ligations, plasmid DNA was isolated from 

the transformants (as described in Section 2.2.3.1) and digested with the appropriate 

restriction enzyme. The digests were then examined on a 1 % agarose gel. 
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2.2.3.5 Oligonucleotides 

The oligonucleotides used in this study are outlined in Table 2.1.4. Custom primers 

were designed for this study using several criteria; all primers designed were between 

18-25 bases, all primers (apart from those designed to include restriction sites) were 

selected with a G-C content of approximately 50 %; the annealing temperature of the 

primers was calculated to be between 55 oC and 65 oC; primer pairs were designed 

with approximately the same length, G-C content and Tm; all primers were designed 

to avoid repetitive sequence and to end in either a G or C. All primers were purchased 

from Sigma-Genosys Ltd and were dissolved in 10 mM TE at a concentration of 

40pmoles/μL. 

 

2.2.3.6 Polymerase chain reaction (PCR) 

The PCR method utilised a standard Taq polymerase PCR reaction using Platinum 

PCR SuperMix (Invitrogen). All the PCR reactions were executed on a DNA engine 

DYAD thermal cycler (MJ research). In those experiments where a negative control 

was required template was omitted from the reaction mixture (for primer details see 

Table 2.1.4). PCR amplifications using the Platinum PCR SuperMix were carried out 

as per manufacturers instructions in a total volume of 100 μL. PCRs were performed 

in 0.2 mL thin wall PCR tubes. The amount of template used depended on the source. 

For plasmid DNA this was approximately 10 ng, whilst for genomic DNA 

approximately 100 ng was used. When using intact bacteria, a small piece of each 

colony was removed and mixed in 50µL dH2O and then boiled for 10 minutes. 2.5µL 

to 5µL of this mixture was added to the final PCR mix. The dNTP mixture and 

magnesium was supplied in the Platinum SuperMix along with the recombinant Taq 

enzyme. The quantities used in the PCR reaction mixture are outlined in Table 2.8.  

DNA amplifications were performed using the following programme:  

 

a. 1 cycle of 95°C for 5 minutes. 

b. 30 cycles of 95°C for 1 minute, 55°C* for 1 minute and 72°C@ for 2 minutes. 

c. 1 cycle of 72°C for 7 minutes. 

d. Held at 10 °C. 
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*Annealing temperature dependant on Tm of primers; 55 °C is an estimated average. 

Each primer set was optimised for PCR by testing at a range of temperatures between 

55oC-65oC; all other parameters were kept constant throughout. 
@ Elongation time was dependant on expected size of product; 1 minute per kb as a 

rule of thumb. 

 
Table 2.8: PCR Mixture for Platinum SuperMix (Invitrogen) 

Reagent Volume Final Concentration 

Template DNA 2µL for purified DNA,  
2.5 - 5µL lysed bacteria 2ng genomic DNA 

Forward Primer 2µL 0.8pmol 
Reverse Primer 2µL 0.8pmol 

Platinum PCR SuperMix 94µL for DNA reaction, 91.5 - 
93.5µL for intact bacteria PCR 

22 U/ml complexed recombinant 
Taq DNA polymerase with 

Platinum® Taq 
Antibody, 22 mM Tris-HCl (pH 

8.4), 55 mM KCl, 1.65 mM MgCl2, 
220 µM 

dGTP, 220 µM dATP, 220 µM 
dTTP, 220 µM dCTP, and 

stabilizers. 
 

 100µL  
The reagents, volumes and final concentrations of a standard 100 µl Platinum PCR 

SuperMix reaction. 

 

2.2.3.6.1 Characterisation of PCR products 

PCR amplicons were visualised and sized on a 0.5-1.5 % agarose gel (dependent on 

size of product) as previously described (see section 2.2.3.2). PCR products used for 

cloning were purified to remove excess nucleotides using a PCR purification kit 

(Qiagen), as per manufacturers’ instructions.  Any products that were excised from 

agarose gels were purified using the DNA gel purification kit (Qiagen) as per 

manufacturer’s instructions. 

 

2.2.3.7 Precipitation of DNA 

In some instances DNA was concentrated before further use by ethanol precipitation. 

The DNA sample was adjusted to a volume of 400µL with EB buffer. The DNA was 

precipitated by the addition of 1mL 100% ethanol, 40uL of 3M sodium acetate (pH 

7.0) and 1µL glycogen (Roche). Samples were placed at -20oC for 20 minutes, 

centrifuged for 30 minutes at 14,000 rpm, washed in 1.5mL of 70% ethanol and then 
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centrifuged for 2 minutes at 14,000 rpm. The pellet was vacuum-dried for 5 minutes 

at 45oC, re-suspended in 10µL dH2O and stored at 4oC. 

2.2.3.8 DNA sequencing 

PCR products were cloned into pCR-XL-TOPO (Invitrogen) and then electroporated 

into OneShot Electrocomp Cells (Invitrogen) according to the manufactures 

instructions. Purified plasmids containing the insert were then sent to the Wellcome 

Trust Sanger Institute, Cambridge for sequencing.  

 

2.2.3.9 Preparation of electrocompetent cells     

Electroporation was used for the transformation of Salmonella and E. coli species 

with stable plasmids (10-100 ng). A 1:100 dilution of an overnight bacterial culture 

was prepared using fresh LB broth and incubated at 37 °C with aeration (200 rpm). 

Once the cells had reached mid-log phase (approx. 4 hours) the bacteria were 

harvested by centrifugation at 4000 rpm for 10 minutes (sorvall legend RT). The 

bacterial pellet was washed with 30 mL of ice-cold 10 % glycerol then centrifuged as 

above. The bacteria were washed a second time, and the pellet was re-suspended in 

400 μL of ice-cold 10 % glycerol in water. This gave an approximate cell density of 

1010 CFU/mL.  

 

2.2.3.10 Electroporation 

Aliquots (50 μL) of the competent cells were added to chilled electroporation cuvettes 

(Equibio) (0.1 cm for E. coli, 0.2 cm for Salmonella) and kept on ice. Plasmid DNA 

(10 ng-1 µg) was added to each cuvette. Competent cells with no plasmid DNA 

served as negative controls. Electro-competent bacteria were electroporated using a 

Bio-Rad Gene Pulser™ using the following conditions; E. coli 1.25 kV, 25 μF, 600 

Ωhms. Salmonella 2.0 Kv, 25 μF, 600 Ωhms. 
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Immediately following electroporation the contents of the cuvette were transferred a 

microfuge tube containing 400 μl of electroporation recovery media (SOC) and 

incubated with agitation for 1.5 hours at 37°C. Bacterial cells were plated onto 

selective antibiotic plates and incubated overnight at 37°C. The following day, colony 

numbers were calculated and cell morphology examined. The presence of the plasmid 

was confirmed by visualisation on 0.7 ~ 1 % agarose gel following extraction, and in 

some cases by PCR. 

 

2.2.3.11 Identification of bacteria 

The identity of Salmonella was confirmed using standard laboratory slide 

agglutinations. Agglutination tests were performed with Salmonella antisera (ProLab) 

as per the manufacturer’s instructions.  Briefly, 15 µL of anti-sera were placed upon a 

glass slide and then mixed with a small amount of bacterial culture and the slide was 

rocked side to side.  Agglutination of the bacteria within one minute was considered a 

positive result. Irrelevant anti-sera acted as a negative control.  

 

2.2.3.12 Red Recombinase “one step” mutagenesis 

The mutagenesis used in this study was based upon the red recombinase method 

described by Husseiny and Hensel (Husseiny and Hensel 2005). The recombinase 

genes are carried on the pKD46 plasmid; this plasmid confers Ampicillin resistance 

and is temperature sensitive i.e. it is stable at 30oC. S. Typhimurium SL3261 

containing pKD46 (provided by Dr R Kingsley, Wellcome Trust Sanger Institute) was 

grown overnight in LB broth containing aromatic mix and 100 µg/ml Ampicillin. This 

culture was then used to inoculate fresh LB broth containing 1mM arabinose and 100 

µg/ml Ampicillin and electrocompetent cells were prepared. The total volume of the 

re-suspended PCR product was then electroporated into S. Typhimurium SL3261 

containing pKD46. The cells were placed in SOC at 37oC for 1.5 hours. 100 µL of 

culture was then removed from the SOC, plated on LB plates containing aromatic mix 

and kanamycin (50 µg/ml) and grown at 37oC. The remainder of the SOC was left 

overnight at ambient temperature, and if no growth was observed from the overnight 

plates, this was plated as before. Any resulting colonies were sub-cultured onto 
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selective media and multiple colonies were selected and screened by colony blots for 

protein (Ag85B-ESAT6) production.  

 

2.2.3.13 Transduction of Salmonella with P22 phage 

Before mutants were thoroughly screened the red recombinase transformants were 

transduced onto a ‘clean’ S. Typhimurium SL3261 background using P22 phage. P22 

stock (provided by Dr. D. Pickard, Wellcome Trust Sanger Institute) was diluted to 

obtain; neat, 10-1, 10-2, 10-3, 10-4, 10-5 and 10-6 in λ buffer/ T2 buffer with 10µL of 

each phage dilution plus controls i.e. cells only, being added to 200µL of the donor 

Salmonella strain. This was left to adsorb at 37oC for 20-30 minutes statically before 

3mLs of melted top agar was added, mixed and then immediately poured over LB 

agar plates containing appropriate antibiotic. The agar was allowed to set for 5 

minutes and then incubated at 37oC for 4-6 hours until plaques grew to confluence. 

Plates were then covered in 3mLs λ buffer/ T2 buffer and left overnight at 4oC. The 

top agar layer and λ buffer/ T2 buffer was then harvested and put into tubes with 

50µL chloroform which was then mixed well for ~ 1 minute. The tubes were left to 

shake for 30 minutes at 37oC before being centrifuged for 10 minutes at 4000rpm 

until a clear supernatant was produced. The supernatant was transferred into a glass 

bijou and 50µL chloroform was added to kill remaining cells. The solution was then 

filtered with a 0.45µm filter to produce the new phage lysate. The new phage lysate 

stock was diluted to obtain; neat, 10-1, 10-2, 10-3 and 10-4 in λ or T2 buffer and 200µL 

of overnight recipient Salmonella cells were added to 10µL of each phage dilution. 

This was then allowed to adsorb at 37oC for 20-30 minutes before 1mL LB broth and 

5mM EGTA was added to each phage aliquot and incubated at 37oC for 1 hour 30 

minutes stationary. Bacteria (100µL aliquots) were then spread onto LB agar plates 

containing 5mM EGTA plus appropriate antibiotic and incubated overnight at 37oC. 

Transduced colonies were picked and re-streaked onto fresh 5mM EGTA plates plus 

appropriate antibiotic and incubated again overnight at 37oC to ‘cure’ any remaining 

phage. Colonies were then tested for recombinant protein expression and any giving 

strong Ag85B-ESAT6 production were further examined using SDS PAGE and then 

western blot analysis before being stored in microbanks at -80oC. 
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2.2.4 ELISA methods 

2.2.4.1 ELISA for total Ig, IgG and IgG subclasses in mouse sera (General 

ELISA protocol) 

Flat-bottomed Nunc Maxisorp plates were coated overnight at 4 oC with 50 μL of a 2 

μg/mL solution of relevant antigen in coating buffer (0.1 M Na2HPO4 at pH 9). 

Following one wash with PBS containing 0.01 % Tween-20 (PBST) plates were 

blocked with 100 μL of 3 % BSA in PBS at 25 oC for 1 hour.  Plates were then 

washed once with PBST, and sera from experimental animal groups, was added as 

follows. 3 μL of sera was added to 27 μL of PBS + 0.01 % BSA (PBS-BSA), 12.5 μL 

of this was added to 112.5 μL of PBS-BSA in the top well, which is a 1:100 dilution 

of serum and then diluted (PBS-BSA) 5 fold down the plate. Each plate contained 

control wells with pre-immune sera, PBS alone, and known positive immune sera. 

The plates were then left to incubate for 1 hour at 37 oC. After 3 washes with PBST, 

antibodies conjugated to HRP diluted 1:1000 in PBS-BSA were added at 100 μL per 

well. Conjugate antibodies were either anti-mouse total Ig (Dako), anti-mouse IgG 

(Sigma), anti-mouse IgG1 and anti-mouse IgG2a (Pharmingen). Plates were incubated 

for 1 hour at room temperature, washed 3 times with PBST and developed using 

Sigma fast OPD tablet set (50 μL per well). Development was left to proceed for 5 

minutes and stopped with 25 μL 3 M sulphuric acid. Absorbances were read at 490 

nm and titres calculated based on the reciprocal dilution giving an absorbance of 0.3, 

using a computer based program called Endpoint. 

 

2.2.4.2 ELISA for IgG2b, IgG3, IgE, IgA and IgM in mouse sera 

The general ELISA protocol was modified as followed to determine IgG2b, IgG3, 

IgE, IgA an IgM titres in mouse sera. Purified rat mAb against the different antibody 

classes (Pharmingen) were used as secondary antibodies. All secondaries were used at 

1:1000 dilutions. To detect the purified rat mAb, the plates were washed 3 times in 

PBST, then incubated with 100 µL per well of rabbit anti-rat Ig-HRP diluted 1:1000 

in PBS-BSA for 1 hour at RT. Plates were developed as described above.  
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2.2.4.3 ELISA for IgA in sera and lung and nasal washes  

Again the general ELISA protocol was followed with some modifications. The lung 

and nasal washes were collected from animals using 1 mL PBS containing a cocktail 

of protease inhibitors (Roche) and stored at -20 oC prior to use. The washes and serum 

were added to the plate as follows. All wells contained 112.5 μL PBS-BSA and 12.5 

μL of the washes and serum was added to the top wells (1:10 dilution) and further 

diluted 1:5 down the plate. The secondary antibody used was anti-IgA, conjugated to 

biotin, at a dilution of 1:1000. Dilutions of the antibodies were determined using 

purified isotype antibodies and the calibration was carried out by Dr. C. Hale 

(Wellcome Trust Sanger Institute). The ELISA plates were incubated for 1 hour at 37 
oC and washed x3 with PBST and then the tertiary streptavidin conjugated to HRP 

antibody was added at 1:1000 in PBS-BSA 100 μL per well. The plates were left for 1 

hr at room temperature, washed x3 with PBST and developed as described above.  

 

2.2.5 Measurement of cellular responses 

2.2.5.1 Isolation of lymphocytes 

Immunised and naive mice were sacrificed by cervical dislocation and their CLN, 

NALT and spleens aseptically removed into RPMI supplemented with 10 % fetal calf 

serum (FCS), 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin 

(RPMI+). For NALT removal see separate protocol (Section 2.3.1.1). Single cell 

suspensions were made by passing homogenised organs through a 100 μm cell 

strainer (Becton Dickinson). Cells were centrifuged at 1500 rpm for 5 minutes 

followed by 5 minutes incubation with 0.5 % tris-ammonium chloride (pH 7.2) 

solution to remove erythrocytes. Cells were washed twice with RPMI, centrifuged at 

1500 rpm for 5 minutes and resuspened in 1mL RPMI+. Viable cells were counted, by 

diluting 1 to 1 with Trypan blue, using a Neubauer haemocytometer.  

 

2.2.5.2 T-cell cytokine assay using Cytokine Bead Analysis (CBA)  

Single cell suspensions were prepared as stated previously. Cells were seeded, in 

duplicate, into a round-bottomed 96-well tissue culture plate to a concentration of 5 x 

106 cells in a volume of 200 μL. The cells were allowed to settle for 1 hour at 37 oC (5 
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% CO2) before being stimulated with the appropriate antigens and controls. The 

antigens (Ag85B-ESAT6, ESAT-6 and Ag85B peptide) were added at a concentration 

of 5 μg/mL with the positive controls (concavalinA) also added at a final 

concentration 5 µg/mL. The negative control used was RPMI+. The plates were 

incubated, at 37 oC and 5 % CO2, for 24-48 hours when 100 µL of supernatants were 

removed to a fresh plate and stored at -80 oC for subsequent CBA. The mouse 

cytokine flexi CBA kit (Becton Dickinson Pharmingen, USA) was used as per the 

manufactures instructions and set-up on the FACSAria (Becton Dickinson, USA). The 

cytokine levels of TNF-α, IL-12p70, IL-6, MCP-1, IL-10, IL-4, IL-5, IL-2 and IFN-γ 

were measured.  

 

2.2.5.3 Lymphocyte preparation for FACS 

Single cell suspensions were prepared as above and diluted as necessary with RPMI+ 

to obtain a final concentration 5 x 106 cells/mL for spleens and CLN and for the 

NALT a concentration of 5 x 105 cells/mL. Cells (200μL of each cell suspension) 

were added to a 96-well plate corresponding to the number of FACS antibody-dye 

mixtures (see Table 2.1.8 for details) and centrifuged at 1500rpm for 5 minutes.  The 

cells were then resuspended in 50μL PBS + 1% BSA and 0.05% sodium azide (azide 

buffer) and to this; 50μL of each dye mix was added with incubation in the dark at 

4oC for 30 minutes. The plate was then spun down at 1500rpm for 5 minutes and the 

cells washed with 100μL of azide buffer. Another spin was preformed and the cells 

finally resuspened in 100μL 1% paraformaldehyde and stored in the dark at 4oC 

overnight before analysis on the FACSAria (Becton Dickinson, USA).  

 

2.2.6 Protein overexpression 

2.2.6.1 Protein gel separation 

Samples were mixed with an equal volume of 2X SDS loading dye (0.125 M Tris-

HCl, 4% SDS, 2% sucrose, 0.2 M Mercaptoethanol, 0.02% bromophenol blue, pH 

6.8) and boiled for 5 minutes. The protein solutions, along with 5 μL SeeBlue® ladder 

(Promega), were separated in a 15% Precast Ready Gel (Bio-Rad) in MOPS buffer 
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(Bio-Rad) and run at 150 V. The gel was placed in either coomassie blue stain or 

transferred to nitrocellulose for western blot analysis.  

 

2.2.6.2 Western blot analysis 

Proteins were separated as described above. The gel, filter paper and nitrocellulose 

membrane were then allowed to soak in transfer buffer (0.19 M glycine, 25mM Tris-

HCl pH 7.5, 20 % methanol) for approximately 30 minutes. The protein samples were 

then transferred onto the nitrocellulose membrane using semi-dry Bio-Rad transfer 

system at 15 V for 45 minutes. After completion of the transfer, the membrane was 

blocked overnight with 10 % milk in TBST (500 mM NaCl, 20 mM Tris-HCl and 

0.01 % Tween-20) at 4 oC with gentle shaking. The membrane was washed twice for 

5 minutes with TBST. The primary antibody, mouse anti-ESAT6 (Statens Serum 

Institute, Denmark), was added at 1:25 dilution in TBST (+1 % milk) and the 

membrane left to incubate for 1-2 hours at room temperature. The membrane was 

rinsed with TBST twice for 5 minutes and the secondary antibody, anti-mouse Ig 

(Dako) was added at 1:1000 dilution and for 1 hour at room temperature. The 

membrane was washed x3 with TBST for 5 minutes each time and then developed 

with Opti-4CN substrate (see section 2.2.6.5) for approximately 20 minutes. The 

reaction was stopped by washing with distilled water.  

 

2.2.6.3 Coomassie blue stain 

Gels were fixed in a solution of 0.01 % coomassie blue, 40 % ethanol and 10 % 

glacial acetic acid for 1 hour at room temperature. Gels were destained in 40 % 

ethanol and 10 % glacial acetic acid for 2-3 hours, also at room temperature. 

 

2.2.6.4 Colony blot analysis 

Dry, numbered nitrocellulose filters were placed onto LB-agar plates containing 

appropriate antibiotics (grids of 20 colonies/plate). Transformed colonies were picked 

from previous transformation reactions with sterile toothpicks and pressed onto 

nitrocellulose before incubation overnight along with positive and negative controls. 

The colonies picked with the toothpicks were also streaked onto normal LB-agar 
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plates containing the appropriate antibiotics and left to incubate overnight to obtain 

single colonies. After overnight incubation, the nitrocellulose filters were removed 

and placed into a dish of chloroform for 15-20 minutes to lyse the bacteria. 

Membranes were then washed in TBS for 5 minutes with rocking before being 

covered in blocking solution (3% gelatin in TBS) for 30 minutes with gentle agitation. 

Filters were again washed twice in TBST for 5 minutes and the immersed in 

appropriately diluted primary antibody (dilute in 1% gelatin TBST) and left for 2 

hours at room temperature with gentle agitation. After another TBST wash 

membranes were covered in appropriately diluted secondary antibody HRP conjugate 

(dilute in 1% gelatine TBST) and again left to incubate for 2 hours at room 

temperature with rocking. The filters were again washed 3 times with TBST and were 

finally developed with Opti-4CN substrate kit (Bio-Rad).  

 

2.2.6.5 Opti-4CN stain (Bio-Rad) 

Filters were covered with one part Opti-4CN diluent concentrate with nine parts dH20. 

Membranes were incubated with gentle agitation in the substrate for up to 30 minutes 

or until desired level sensitivity was attained. Membranes were then washed in dH20 

for 15 minutes before being documented and stored. 

 

2.3 Tissue staining methods 

2.3.1 Sectioning 

2.3.1.1 NALT removal 

Mice were sacrificed by cervical dislocation and surface sterilized with 70% ethanol. 

They were laid on their backs and the lower jaw completely removed. The NALT is 

located just below the soft palate at the roof of the mouth. At the third palatial ridge 

the NALT begins and using a very sharp scalpel, the outside of the palate was cut next 

to the teeth and peeled back gently, with some brief teasing with the scalpel blade 

point staring from the nose end. The NALT, which adheres to the soft palate, was then 

either prepared for frozen sectioning (see Section 2.3.1.2) or placed in RPMI+ for 

FACS (see Section 2.2.5.3).  



Chapter 2. Materials and Methods 79

2.3.1.2 Frozen sectioning 

Mice were sacrificed by cervical dislocation, surface sterilized with 70% ethanol and 

the CLN and NALT removed aseptically – refer to separate protocol (section 2.3.1.1). 

The CLN and NALT were covered in OTC and frozen using tetrafluroethane (Cool-

Jet), before being transferred to a cryo-vial and snap-frozen in liquid nitrogen. Before 

sectioning, the vials were again snap frozen in liquid nitrogen and 6μm sections cut 

using the Shanndon cryostat. Sections were transferred to poly-lysine-L coated slides 

and allowed to air-dry overnight at room temperature before use.  

 

2.3.2 Immunofluorescent staining 

2.3.2.1 Single immunofluorescent staining 

Sections were fixed in a 1:3 ratio of 100% acetone and 100% ethanol for 5 minutes. 

Following 3 times 5 minute washes in PBS, sections were blocked with normal goat 

serum (10% goat serum, 5% fish gelatin, 0.01% sodium azide, and 0.1% BSA, and 

0.01% Tween-20) for 45 minutes. Serum was then tapped off, and primary antibody 

added (see Table 2.6 for primary antibodies used). Control sections for each group did 

not have primary antibody added; only PBS was added to these sections. Slides were 

incubated for 1 hour at 37oC in darkness and then washed twice in PBS for 5 minutes. 

The sections were then covered in appropriate secondary antibody (see Table 2.6) and 

again incubated for 1 hour at 37oC in darkness and then washed x3 with PBS. 

Sections were counterstained with Hoechst for 15 minutes at room temperature in the 

dark before again being washed x3 in PBS. Finally slides were mounted with 

coverslips and ProLong Gold (Invitrogen) and left to air-dry in the dark for 4-5 hours 

before visualisation using a Confocal Microscope.  

 

2.3.2.2 Double or triple immunofluorescent staining 

The single immunofluorescent protocol was followed with some modifications. When 

using directly conjugated flurochrome primaries, all antibodies were diluted in goat 

serum at appropriate dilutions and incubated for 1 hour at 37oC in the dark. Sections 

were then counterstained with Hoechst before being mounted in ProLong Gold. When 

using a mixture of directly conjugated and non-flurochrome conjugated primaries, 
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antibodies not directly conjugated were diluted in goat serum and incubated on 

sections for 1 hour at 37oC in the dark. Slides were then washed 4 times in PBS for 5 

minutes each time before the appropriate secondary flurochrome conjugated 

antibodies and primary directly conjugated antibodies were added and allowed to 

incubate for another hour at 37oC again in the dark. Slides were washed in PBS and 

then counterstained with Hoechst for 15 minutes before being mounted with 

coverslips and ProLong Gold and left to air-dry for 4-5 hours at room temperature in 

darkness. 

 

2.3.3 Histology 

The frozen sections were also used for haematoxylin and eosin staining. Sections were 

fixed in a 1:3 ratio of 100% acetone and 100% ethanol for 5 minutes before being 

rinsed in PBS for 5 minutes Slides were submerged in Mayer’s haematoxylin for 2 

minutes and washed in tap water for 2 minutes to remove excess stain and “blue”. The 

sections were immersed in eosin Y for 1 minute and again washed in tap water for 3 

minutes. The tissue sections were then dehydrated through ethanol, beginning with 

70% ethanol (2min), followed by 90% (2min), 100% (4min) and 2 minutes in 

histoclear. Finally, slides were mounted in DPX, allowed to dry overnight and viewed 

using a light microscope. 

 

2.4 Statistical analysis 

Antibody titres were analysed using a non-parametric two-tailed Mann-Whitney U-

Test statistic. Experiments with more than two groups were analysed with the non-

parametric Kruskal-Wallis H one-way analysis of variance with Dunn’s multiple 

comparison post-hoc test. Total percentages of cell populations and mean 

fluorescence intensity (MFI) were analysed using one-way ANOVA with Dunnett’s 

multiple comparison post-hoc correction. A p value of < 0.05 was taken to be 

significant in all cases. All tests were performed using the graphing and statistical 

software GraphPad Prism 4 (GraphPad Software, Inc, USA). 
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3 Immunogenicity of the tuberculosis fusion antigen, 

Ag85B-ESAT6, after an intranasal prime-boost regimen 

3.1 Introduction 

Prevention and control of tuberculosis involves two main approaches; the first step is 

to identify those infected with M. tuberculosis, as well as their contacts. Infected 

patients are isolated and treated with the available antibiotic cocktail for up to 12 

months to completely eliminate the bacterium. The other approach is to vaccinate 

young children to protect against tuberculosis. Currently the only licensed vaccine in 

the fight against tuberculosis is the BCG vaccine. This vaccine has been used for over 

80 years and is 80% effective against serious forms of the disease, e.g. meningitis, in 

children. However, its protective efficacy in adults against the most common form of 

the disease, pulmonary tuberculosis, ranges from 0 to 80% (Colditz, et al. 1994). 

 

The development of several new vaccines to prevent tuberculosis is currently 

ongoing. They include; rBCG vaccines, live attenuated strains of M. tuberculosis, 

non-pathogenic Mycobacteria, non-mycobacterial microbial vectors, DNA vaccines, 

and subunit vaccines. However, as previously discussed in Chapter 1, there are only a 

very small number of vaccines currently in human trials. A new more effective 

vaccine would be expected to improve tuberculosis control substantially, and 

therefore vaccine development is one of the highest priorities in tuberculosis research.   

 

3.1.1 The tuberculosis fusion antigen, Ag85B-ESAT6 

Two major antigens produced by M. tuberculosis during infection are Ag85B (a 

30kDa mycolyl transferase) and ESAT6 (a small 6kDa protein secreted by M. 

tuberculosis belonging to the ESAT-6 family). As already discussed in the 

introduction, these individual antigens have been shown to induce strong immune 

responses in a number of animal models (Brandt, et al. 2000; Geluk, et al. 2000; 

Huygen, et al. 1996; Huygen, et al. 1994; Kamath, et al. 1999; Kariyone, et al. 2003; 

Launois, et al. 1994; Mustafa, et al. 2000b; Olsen, et al. 2000; Thole, et al. 1999). In 

addition, previous work on the antigens ESAT-6 and Ag85B have shown that the 

fusion of Ag85B-ESAT6 is more immunogenic, and gives higher levels of protection 
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compared to the individual antigens, as well as the fusion in the other orientation, i.e. 

ESAT6-Ag85B. The initial study by Peter Andersen’s group showed that 

administration of the fusion protein with the adjuvant dimethyl dioctadeclammonium 

bromide-monophosphoryl lipid A (DDA) stimulated a strong dose-dependent immune 

response, and also induced high levels of protection comparable to those induced by 

BCG. Their definition of protection was the reduction in M. tuberculosis CFUs in the 

lungs, spleen and liver when compared to BCG vaccinated animals. Their vaccine 

also induced efficient immunological memory, which remained stable 30 weeks post 

vaccination (Olsen, et al. 2001). In the second study, the same fusion vaccine was 

administered to mice and guinea pigs, either orally with the adjuvants MPL, CT-B or 

LT, or subcutaneously in MPL. A separate group of mice received the subcutaneous 

vaccine followed by oral boosting, the aim being to stimulate efficient immunity in 

the lung by targeting the gut mucosa. Oral priming alone resulted in increased IFN-γ 

production by splenocytes; however this was not enough to prevent infection by M. 

tuberculosis. In the heterologous priming and boosting group, there was a significant 

increase in systemic type 1 responses along with reduced CFU counts in both the 

lungs and liver after aerosol challenge with virulent M. tuberculosis, which were 

comparable to the subcutaneous immunisation protocols (Doherty, et al. 2002). 

Another recent study by this group with the fusion vaccine demonstrated that when 

Ag85B-ESAT6 was aerosol administered to guinea pigs in a liposomal adjuvant, it 

conferred a significant level of protection compared to the individual or a cocktail of 

the antigens (Olsen, et al. 2004). Langermans et al investigated the efficacy of the 

Ag85B-ESAT6 fusion protein vaccine in a non-human primate model for 

tuberculosis. In this study, vaccination of cynomolgus monkeys with the fusion in two 

different adjuvants (DDA/MPL and AS02A) resulted in a reduction in bacterial 

numbers and/or lung pathology in animals challenged with M. tuberculosis 

(Langermans, et al. 2005).  
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3.1.2 Intranasal immunisation and M. tuberculosis  

M. tuberculosis is an airborne pathogen that usually enters the host via the mucosal 

surface of the lung after inhalation of infectious droplets from an infected individual. 

Since the respiratory tract is the natural route of M. tuberculosis infection, mucosal, 

and in particular, intranasal immunisation is an attractive route for vaccination, and a 

number of studies have demonstrated that this route may provide strong protection 

against M. tuberculosis challenge (Chen, et al. 2004; Falero-Diaz, et al. 2000; Giri, et 

al. 2005; Wang, et al. 2004). One explanation for the efficiency of mucosal 

administration against M. tuberculosis infection could be the engaging of local 

immune responses in the lung, particularly antigen specific memory T cells which 

may preferentially home back to the site of vaccination (Kamath, et al. 2004). Further, 

the location of T cells in the airway at the time of infection is of importance 

(Santosuosso, et al. 2006; Santosuosso, et al. 2005). As already stated with nasal 

delivery, no needles are employed and given the high rate of co-infection with M. 

tuberculosis and HIV, especially in developing countries, this certainly suggests that 

this route of vaccine delivery deserves further attention.  

 

Considering the information described above, I hypothesise that intranasal 

immunisation with the M. tuberculosis fusion antigen, Ag85B-ESAT6 with the 

mucosal adjuvants LT and LTK63 will be effective at stimulating strong TH1 immune 

responses both locally, i.e. within the NALT, CLN and lungs, as well as systemically. 

Consequently, I decided to determine the validity of this system as a vaccination 

regimen against M. tuberculosis. 
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3.2 Results 

3.2.1 An intranasal prime-boost immunisation regimen with Ag85B-

ESAT6 induces serum Ig  

To investigate immune responses following Ag85B-ESAT6 immunisations over time, 

mice were immunised as outlined in Table 3.1. Serum collected on day 21, 35 and 42 

was analysed for specific anti-Ag85B-ESAT6 Ig antibodies by ELISA to determine if 

a number of different prime-boost regimens were sufficient to trigger a measurable 

antibody response. As already discussed LTK63 is a mutant form of LT and 

consequently does not have such a strong adjuvant activity as the wild-type form. 

Previous studies have shown that ten times more LTK63 is needed to induce similar 

immune responses to those observed with LT, hence the choice of adjuvant doses in 

this vaccine study (i.e. 1µg LT and 10µg LTK63) (Peppoloni 2003). 

 
Table 3.1: Ag85B-ESAT6 prime-boost immunisation regimen (5-10 mice/group) 

Day Group Immunised antigen Procedure Route 
0 1 naïve immunisation i.n. 
 2 1µg LT  i.n. 
 3 1µg Ag85B-ESAT6 + 1µg LT  i.n. 
 4 10µg Ag85B-ESAT6 + 1µg LT  i.n. 
 5 10µg Ag85B-ESAT6 + 10µg LTK63  i.n. 
 6 10µg Ag85B-ESAT6  i.n. 

21 All groups  sample bleed  
28 1 naïve boost i.n. 
 2 1µg LT  i.n. 
 3 1µg Ag85B-ESAT6 + 1µg LT  i.n. 
 4 10µg Ag85B-ESAT6 + 1µg LT  i.n. 
 5 10µg Ag85B-ESAT6 + 10µg LTK63  i.n. 
 6 10µg Ag85B-ESAT6  i.n. 

35 All groups  sample bleed  
36 1 naïve boost i.p. 
 2 1µg LT  i.p. 
 3 1µg Ag85B-ESAT6 + 1µg LT  i.p. 
 4 10µg Ag85B-ESAT6 + 1µg LT  i.p. 
 5 10µg Ag85B-ESAT6 + 10µg LTK63  i.p. 
 6 10µg Ag85B-ESAT6  i.p. 

42 All groups sample bleed, lung and nasal washes and 
spleens for CBAs END  
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 As shown in Figure 3.1, mice immunised with Ag85B-ESAT6, with or without LT or 

LTK63, developed a significant antibody response by day 21 (Figure 3.1A) after 

initial intranasal priming when compared to naïve animals, which lasted throughout 

the experimental study. Following an intranasal boost, groups receiving Ag85B-

ESAT6 and the adjuvant LT displayed a further significant increase in serum Ig titres 

by day 35 (Figure 3.1B). Notably, mice receiving LT alone also showed an increase in 

antibody levels, but this increase was significantly less than groups receiving Ag85B-

ESAT6 as well (p < 0.01) (Fig 3.1B). Following a further intraperitoneal boost, mice 

receiving 10µg Ag85B-ESAT6 plus adjuvant (LT or LTK63) showed a further 

significant increase in antibody titres compared to both naïve and mice receiving LT 

alone on completion of the experiment (day 42) (Figure 3.1C). Animals receiving 

purified Ag85B-ESAT6 alone showed no obvious increases in antibody titres after the 

initial intranasal priming (Figures 3.1A, B and C). Mice immunised with 10µg 

Ag85B-ESAT6 and 1µg LT gave the highest total Ig antibody titres following two 

intranasal and one intraperitoneal immunisation.  
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Figure 3.1: Serum total Ig responses to Ag85B-ESAT6 after i.n. immunisation. 
Balb/c mice were primed intranasally with different concentrations of Ag85B-ESAT6 protein with or 

without wild-type LT and LTK63. Mice were then boosted via intranasal immunisation at day 28, and 

then again via intraperitoneal injection at day 35, to determine a dose response to the fusion antigen.  

Mice were left for 21, 35 and 42 days and then sample bled to determine anti-Ag85B-ESAT6 Ig 

antibodies. Naïve (Balb/c mice immunised with PBS) and wild-type LT immunised mice were also 

sample bled. Table 3.1 shows the immunisation regimen and groups involved in this study. Ag85B-

ESAT6 specific antibody titres were determined by ELISA.  represents naïve animals,  shows 

mice immunised with 1µg LT alone, and indicates those animals vaccinated with 1µg LT and 

1µg or 10µg Ag85B-ESAT6 respectively, indicates mice immunised with 10µg fusion and 10µg 

LTK63 with showing those animals vaccinated with 10 µg Ag85B-ESAT6 alone. Total Ig titres (A 

day 21, B day 35 and C day 42) from naïve and immunised animals are expressed as antibody titre 

plotted on a logarithmic scale using a cut off of OD 0.3. The black bar shows the geometric mean titre 

from the group and the * indicates significant values of p < 0.05; **, p < 0.01 and ***, p < 0.001 as 

determined Kruskal-Wallis test, followed by Dunn’s Multiple Comparison test compared to PBS 

immunised controls. Data is representative of two independent experiments. 
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3.2.2 IgG1:IgG2a ratios after intranasal administration of Ag85B-ESAT6 

and mucosal adjuvants 

Total IgG, IgG1 and IgG2a antibody responses in sera from vaccinated animals (as 

summarised in Table 3.1) were analysed for specificity to Ag85B-ESAT6 by ELISA. 

IgG subtypes were analysed to determine if any of the vaccination regimens were 

sufficient to trigger a specific measurable antibody response. The pattern of 

immunogenicity achieved by the various immunisation strategies was monitored by 

the IgG1/IgG2a ratio as a surrogate marker for the TH1-TH2 balance (Figure 3.2).  

Ag85B-ESAT6 without adjuvant failed to induce statistically significant levels of 

serum IgG when compared to negative control groups (data not shown). Vaccination 

with 1µg Ag85B-ESAT6 plus 1µg LT resulted in an exclusive IgG1 response (p < 

0.001), while mice receiving 10µg Ag85B-ESAT6 and 1µg LT or 10µg LTK63 

yielded both strong IgG1 and IgG2a antibody responses that were not statistically 

different (p > 0.05).  

 
Figure 3.2: IgG1:IgG2a ratios after i.n. immunisation with Ag85B-ESAT6. 

Balb/c mice were immunised as outlined in Table 3.1. Ag85B-ESAT6 specific antibody titres were 

determined by ELISA.  Total IgG, IgG1 and IgG2a titres (day 42) from immunised animals are 

expressed as Log10 antibody titre using a cut off of OD 0.3. PBS, LT and fusion alone immunised mice 

had undetectable IgG sub-type titres and are not shown in figure.  represents total IgG, red  

shows IgG1 and  indicates IgG2a antibody subtypes.  The black bar shows the geometric mean titre 

from the group and the * indicates significant values of p < 0.05; **, p < 0.01 and ***, p < 0.001 as 

determined Kruskal-Wallis test, followed by Dunn’s Multiple Comparison test compared to PBS 

immunised controls. Data is representative of two independent experiments. 
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3.2.3 The fusion protein plus LT induces significant serum IgA, and 

mucosal IgA in lung and nasal washes following immunisation 

To determine serum and mucosal IgA antibody responses after prime-boosting with 

Ag85B-ESAT6, mice were immunised as outlined in Table 3.1. Levels of antigen 

specific IgA in serum and lung or nasal washes were determined using ELISA at day 

42. Mice receiving 10µg Ag85B-ESAT6 plus 1µg LT were the only group to have 

any detectable serum or mucosal IgA antibody production when compared to naïve 

animals (Table 3.2). Levels of specific anti-Ag85B-ESAT6 IgA antibodies were 

highest in the serum of immunised animals, with lung washings containing 

comparable IgA titres. Nasal washings also contained antigen specific IgA antibodies, 

but at lower levels, with two animals not showing any detectable titres (data not 

shown) 

 
Table 3.2: Ag85B-ESAT6 specific mucosal IgA responses after i.n. immunisation. 

Serum and lung or nasal washes were collected from Balb/c mice immunised as outlined in Table 3.1. 

Mucosal samples were obtained by washing with 1mL of protease inhibitor cocktail solution (Roche) 

through both the nasal passages and lungs of each mouse. Specific anti-Ag85B-ESAT6 IgA antibodies 

were determined via ELISA. Average IgA titres are shown using a cut off of OD 0.3. Titres shown are 

the mean ± standard deviation of 5 animals for groups 3 and 5 and 10 animals for the remaining groups. 
† indicates less than 0.3OD detected with *** indicating significant values of p < 0.001 and ** 

indicating p < 0.01 as determined Kruskal-Wallis test, followed by Dunn’s Multiple Comparison test 

compared to PBS immunised controls. Data is representative of two independent experiments. 

 

    average  IgA titres  

Group Immunisation serum BAL (lung 
washings) 

nasal 
washings 

1 naïve 0† 0† 0† 
2 LT 0† 0† 0† 
3 1µg Ag85B-ESAT6 + 1µg LT 0† 0† 0† 
4 10µg Ag85B-ESAT6 + 1 µg LT 28 ± 9*** 22 ± 7*** 7 ± 6** 
5 10µg Ag85B-ESAT6 + 10µg LTK63 0† 0† 0† 
6 10µg Ag85B-ESAT6 0† 0† 0† 
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3.2.4 Strong pro-inflammatory cytokine responses are induced following 

immunisation 

Cytokines are the major mediator of immune responses towards pathogens. 

Production of cytokines by leukocytes in response to M. tuberculosis plays a crucial 

role in the inflammatory response, and the balance between pro-inflammatory and 

anti-inflammatory cytokines is crucial in the determination of immune activation and 

disease clearance (Flynn and Chan 2001). To compare cytokine profiles from 

splenocytes of vaccinated and naïve mice, I evaluated splenocytes supernatants 

stimulated with the single antigenic components, Ag85B and ESAT6, as well as the 

fusion protein Ag85B-ESAT6, plus appropriate controls after 24-48 hours. The levels 

of a number of cytokines were measured using the Mouse Cytokine Flexi Kit (Becton 

Dickinson, USA) and included; TNF-α, IL-12p70, IL-6, MCP-1, IL-10, IL-4, IL-5, 

IL-2 and IFN-γ. 

 

Mice immunised with Ag85B-ESAT6 plus either the adjuvant LT or LTK63 induced 

significant increases in antigen stimulated splenocytes for TH1 (IL-2, IFN-γ, TNF-α, 

IL-12) and TH2 (IL-4, IL-5, IL-6, IL-10) type cytokines (p < 0.05) including the 

chemokine MCP-1 when compared to naïve animals (Table 3.3 and graphic 

representation of data in Figure 3.3). Notably, the greatest increases in cytokine levels 

were observed in with the TH1 cytokine profile, with the exception of IL-6 and IL-5 

production, which were also high. Interestingly, even though those mice immunised 

with fusion antigen in the adjuvant LTK63 showed increases in both TH1 and TH2 

cytokines, levels of IFN-γ, IL-2, IL-5 and IL-6 were still significantly lower when 

compared to those mice receiving the wild-type adjuvant LT (p < 0.05). In contrast, 

mice vaccinated with Ag85B-ESAT6 alone only showed significant increases in TNF-

α (p < 0.01) and MCP-1 (p < 0.05) when compared to negative control animals. 

Control mice immunised with either LT or LTK63 showed no significant increases (p 

> 0.05) in cytokine responses in antigen stimulated cultures during the course of the 

study.  
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Table 3.3: Ag85B-ESAT6 cytokine responses in i.n. immunised mice.  

Supernatants from stimulated splenocytes of immunised Balb/c mice (see Table 3.1 for details) were analysed for cytokine levels using CBA after 24-48 hours. 

Stimulants used in the T-cell assay included Ag85B-ESAT6, ESAT-6, Ag85B peptide, and the positive control as concavalinA (all at 5µg/mL) and, the negative 

control, RPMI+. Results are expressed in pg/mL (mean ± standard deviation) with the * indicating significant values of p < 0.05; **, p < 0.01, and ***, p < 0.001 

(Kruskal-Wallis test followed by Dunn’s Multiple Comparison test compared to PBS immunised controls). † indicates p < 0.05 when animals immunised with 

Ag85B-ESAT6 + LT are compared to those receiving Ag85B-ESAT6 + LTK63. There are 5-10 animals per groups, from two independent experiments. 

 

                     Immunisation   
Cytokine Stimulant 1 µg LT 10 µgLTK63 10µg Ag85B-ESAT6 + 1µg LT 10µg Ag85B-ESAT6 + 10µg LTK63 10µg Ag85B-ESAT6

 Ag85 B-ESAT6 <1 <1 24 ± 15* 20 ± 7* <1 
 ESAT-6 <1 <1 <1 <1 <1 

IL-4 Ag85B peptide <1 <1 <1 <1 <1 
 conA 35 ± 13 42 ± 18 41 ± 13 39 ± 8 32 ± 11 
 unstimulated <1 <1 <1 <1 <1 
 Ag85 B-ESAT6 5 ± 2 3 ± 1 1845 ± 82 ***† 278 ± 37*** <1 
 ESAT-6 7 ± 3 16 ± 4 157 ± 90 **† 19 ± 7 12 ± 10 

IFN-γ Ag85B peptide 3 ± 1 3 ± 1 3 ± 1 7 ± 2 <1 
 conA 546 ± 45 789 ± 102 1030 ± 5 967 ± 267 613 ± 15 
 unstimulated 4 ± 2 3 ± 1 4 ± 2 <1 <1 
 Ag85 B-ESAT6 5 ± 2 6 ± 1 265 ± 56***† 58 ± 10** <1 
 ESAT-6 4 ± 2 5 ± 1 46 ± 6** 26 ± 9* <1 

IL-2 Ag85B peptide 4 ± 1 5 ± 1 6 ± 3 <1 <1 
 conA 203 ± 67 274 ± 38 218 ± 111 367 ± 89 233 ± 88 
 unstimulated 3 ± 2 5 ± 2 8 ± 5 <1 <1 
 Ag85 B-ESAT6 26 ± 24 40 ± 16 825 ± 63 ***† 121 ± 20** 26 ± 20 
 ESAT-6 2 ± 1 9 ± 4 158 ± 39 **† 23 ± 8 <1 

IL-5 Ag85B peptide <1 8 ± 3 18 ± 4 <1 <1 
 conA 46 ± 19 51 ± 12 38 ± 8 77 ± 34 42 ± 11 
 unstimulated <1 6 ± 3 3 ± 1 <1 <1 
 Ag85 B-ESAT6 196 ± 70 198 ± 60 2291 ± 295 ***† 466 ± 63** 355 ± 141 
 ESAT-6 44 ± 21 101 ± 23 1955 ± 445 **† 386 ± 67* 316 ± 68 

IL-6 Ag85B peptide 21 ± 9 48 ± 8 103 ± 39 65 ± 10 90 ± 34 
 conA 289 ± 56 390 ± 79 209 ± 38 456 ± 134 333 ± 42 
 unstimulated 32 ± 11 50 ± 7 99 ± 23 55 ± 27 98 ± 38 
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 Ag85 B-ESAT6   209 ± 46***  32 ± 17 
 ESAT-6   190 ± 33**  71 ± 45 

IL-10 Ag85B peptide   86 ± 14  20 ± 8 
 conA   79 ± 32  24 ± 11 
 unstimulated   43 ± 8  29 ± 12 
 Ag85 B-ESAT6   34 ± 6 **  9 ± 4 
 ESAT-6   7 ± 3  4 ± 3 

IL-12p70 Ag85B peptide   5 ± 2  5 ± 2 
 conA   9 ± 2  7 ± 1 
 unstimulated   <1  <1 
 Ag85 B-ESAT6   209 ± 23 *  234 ± 34** 
 ESAT-6   158 ± 39 *  165 ± 39* 

TNF-α Ag85B peptide   <1  <1 
 conA   83 ± 12  47 ± 15 
 unstimulated   <1  <1 
 Ag85 B-ESAT6   450 ± 45 ***  50 ± 14* 
 ESAT-6   210 ± 5 *  <1 

MCP-1 Ag85B peptide   29 ± 17  <1 
 conA   155 ± 37  70 ± 4 
 unstimulated   <1  <1 

 

 

 

 



Chapter 3. Immunogenicity of Ag85B-ESAT6, after an intranasal prime-boost regimen 93

Figure 3.3: Graphic representation of Ag85B-ESAT6-specific cytokine responses. 

Graphic representation of Table 3.3 of Ag85B-ESAT6-specific cytokine responses in Balb/c mice 

primed and boosted with purified fusion antigen plus LT or LTK63. For details see legend of Table 3.1. 

The data shown is for Ag85B-ESAT6 in vitro stimulation of splenocytes after 24-48 hours. (1) Naïve 

animals are represented by pink, (2) those mice receiving 1µg LT by green, (3) the 10µg LTK63 alone 

immunisation is shown by purple, (4) animals vaccinated with 10µg Ag85B-ESAT6 plus 1µg LT is 

indicated by red, (5) those receiving the fusion and LTK63 represented by blue, (6) finally those mice 

receiving 10µg Ag85B-ESAT6 alone are indicated by the orange columns. 
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Figure 3.4: Graphic representation of Ag85B-ESAT6-specific cytokine responses. 

Graphic representation of Table 3.3 of Ag85B-ESAT6-specific cytokine responses in Balb/c mice 

primed and boosted with purified fusion antigen plus LT or LTK63. For details see legend of Table 3.1. 

The data shown is for Ag85B-ESAT6 in vitro stimulation of splenocytes after 24-48 hours. (1) Naïve 

animals are represented by pink, (2) those mice receiving 1µg LT by green, (3) the 10µg LTK63 alone 

immunisation is shown by purple, (4) animals vaccinated with 10µg Ag85B-ESAT6 plus 1µg LT is 

indicated by red, (5) those receiving the fusion and LTK63 represented by blue, (6) finally those mice 

receiving 10µg Ag85B-ESAT6 alone are indicated by the orange columns. 
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3.3 Discussion 

In this study I explored the immunogenicity of the subunit vaccine candidate, Ag85B-

ESAT6 after an intranasal prime-boost regimen. The M. tuberculosis fusion antigen 

Ag85B-ESAT6 used in these vaccination studies has been shown to previously induce 

protection in a number of animal models when administered parenterally (Doherty, et 

al. 2002; Langermans, et al. 2005; Olsen, et al. 2001; Olsen, et al. 2004). At the time 

of this study little was known about the efficacy of this antigen with regards to 

mucosal delivery. However, some recent studies have examined the administration of 

the fusion molecule intranasally along with a number of different mucosal adjuvants. 

In the first study, three immunisation doses of Ag85B-ESAT6 plus LTK63 were 

given at two week intervals, which induced strong IFN-γ responses from T cells as 

well as providing significant reduction in M. tuberculosis CFUs in both the lungs and 

the spleen, comparable to that seen in the BCG controls (Dietrich, et al. 2006). Most 

recently another intranasal vaccine, comprising the antigenic fusion protein Ag85B-

ESAT6 and the mucosal combined adjuvant vector CTA1-DD/ISCOMs (composed of 

immune stimulating complexes (ISCOMs) and the cholera toxin-derived fusion 

protein CTA1-DD), was demonstrated to strongly promote a TH1-specific immune 

response, dominated by IFN-γ-secreting CD4+ T cells. Mucosal administration of 

Ag85B-ESAT6 mixed with CTA1-DD/ISCOMs also strongly boosted prior BCG 

immunity, leading to a highly increased recruitment of antigen-specific cells to the 

site of infection, with a reduced bacterial burden in the lung compared to non-boosted 

control animals (Andersen, et al. 2007). 

 

The nasal route for vaccination offers some important opportunities, especially for the 

prophylaxis against respiratory diseases. The highly vascularised and immunogenic 

nasal mucosa offers potential advantages in terms of quick action, improved bio-

availability and patient compliance, as well as improved immune response for 

vaccines (Davis 2001). LT is a well characterised adjuvant which has been widely 

used to induce mucosal immunity against viral and bacterial pathogens (Freytag and 

Clements 2005). This, along with a mutant form of LT, LTK63, were employed as 

agents to boost the immunogenicity of the mucosally delivered antigen. 
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Our results show that mice immunised twice intranasally and boosted once 

intraperitoneally with the fusion antigen and the adjuvant LT produced high titres of 

anti-Ag85B-ESAT6 serum antibodies and modest specific mucosal IgA antibodies.  

Notably, after only two intranasal doses of the fusion antigen plus LT, high antibody 

titres were induced. LTK63 only induced high serum anti-Ag85B-ESAT6 antibodies 

after the third boost. LTK63 has a mutation in the A subunit (Ser63→Lys), which 

reduces the toxicity of the adjuvant, while still retaining its strong mucosal 

adjuvanticity (Pizza, et al. 2001). However, a number of studies have shown that 

while LTK63 is a strong mucosal adjuvant, it does not confer the same high levels of 

boosting observed when compared to the wild-type toxin (Salmond, et al. 2002).  

 

Antibody titres were examined to confirm that the immune system was recognising 

Ag85B-ESAT6. However, the humoral immune response has, for many years, been 

dismissed as not having any protective role with regards to M. tuberculosis infection. 

The concept about the effectiveness of antibodies against intracellular bacterial 

infections, including tuberculosis, is contentious partly due to the notion that 

antibodies cannot easily reach the intracellular pathogens. This reservation has been 

applied particularly to organisms, which are confined to phagosomes (i.e. M. 

tuberculosis), and thus further segregated from the cytoplasm. However, this view is 

under reconsideration in the light of increasing evidence that antibodies interfering 

with some extracellular stages of the infection can influence the intracellular fate of 

the pathogen. Recently, Williams and co-workers reported a 10-fold reduction in lung 

bacterial burdens after intranasal inoculations of mice with an IgA monoclonal 

antibody (mAb) against the α-crystallin antigen of M. tuberculosis (Williams, et al. 

2004). Another study indicated the possible role antibodies may play in preventing the 

dissemination of M. tuberculosis from the lungs to the distal organs such as the spleen 

and liver (Pethe, et al. 2001). Pethe and co-workers showed that coating wild-type 

Mycobacteria with monoclonal anti-HBHA (heparin-binding haemagglutinin 

adhesion) antibody impaired dissemination after intranasal infection indicated by 

reduced CFU in the spleen but not in the lung. A number of clinical studies have also 

suggested the possible protective role of antibodies against the natural course of 

tuberculosis infection. They reported that antibody titres to lipoarabinomannan or 

Ag85 antigens were higher in patients with milder forms of active tuberculosis 

(Costello, et al. 1992; Sanchez-Rodriguez, et al. 2002). The Dietrich LTK63 mucosal 
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vaccination paper (Dietrich, et al. 2006), like many other M. tuberculosis 

immunisation studies, failed to account for humoral immune responses, despite the 

potential importance of antibodies in preventing infection or modifying the course of 

experimental tuberculosis. This present study reported mucosal anti-Ag85B-ESAT6 

IgA antibodies in both lung and nasal washes, as well as high serum titres of antigen 

specific IgG, therefore this antibody production may play a role in protection against a 

future M. tuberculosis challenge. Retrospectively, statistical analysis would be 

performed comparing all negative control groups (i.e. PBS and LT immunised) with 

all vaccination cohorts to obtain a clearer picture of vaccination efficacy. 

 

In mice, the TH1 phenotype is normally associated with production of IgG2a 

antibodies, while the IgG1 subtype is normally indicative of a TH2 type immune 

response (Finkelman, et al. 1988; Snapper and Paul 1987). In the present study, a 

balanced TH1-TH2 type immune response pattern was observed for both groups 

receiving adjuvant and 10µg Ag85B-ESAT6, while those mice receiving only 1µg of 

the fusion plus LT gave antibody responses which were more obviously biased toward 

TH2 type response as only IgG1 titres were observed. These results suggest that the 

dose of Ag85B-ESAT6 affects the type of immune response initiated after intranasal 

immunisation, i.e. the higher the dose of fusion antigen the more balanced the 

immune response. In fact, studies carried out on Ag85B and ESAT6 have shown that 

they are both strong inducers of a TH1-type immune responses (Mustafa, et al. 2000a; 

Mustafa, et al. 2003; Takatsu and Kariyone 2003).  It could be postulated that an even 

higher dose of Ag85B-ESAT6 may in fact push the immune response to be more 

biased towards TH1, which may be an advantage for the vaccination against 

tuberculosis as a strong TH1-type immune response is needed to clear the disease 

(Flynn and Chan 2001). Both the recently published intranasal papers employing the 

fusion protein used a dose of 25µg. From their results it is apparent that this higher 

dose of Ag85B-ESAT6 induces significant IFN-γ responses with only very low IL-5 

levels, indicating a strong biased TH1-type immune response.  

 

M. tuberculosis is a classic example of a pathogen for which the protective response 
relies on CMI. This is primarily because M. tuberculosis replicates within 
macrophages, thus T cell effector mechanisms are required for elimination of 
infection. T cells contribute to the defence against infection by producing specific 
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patterns of cytokines. The inflammatory response to this pathogen is crucial to the 
control of the infection but may also contribute to the chronic infection and associated 
pathology (Flynn and Chan 2001). This is why cytokine profiles from the splenocytes 
of immunised mice were examined including; IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, 
MCP-1 and TNF-α. The serum IgG1-IgG2a ratios obtained in this study indicated that 
immunisation with 10µg Ag85B-ESAT6 plus 1µg LT gave balanced TH1-TH2 type 
immune responses as discussed previously. CBA data has shown the predominance of 
pro-inflammatory cytokine secretion of IFN-γ, TNF-α, IL-2, IL-5 and IL-6 and 
chemokine MCP-1 by antigen stimulated splenocytes in immunised animals. 
Immunologic control of M. tuberculosis infection is based on a type 1 T cell response 
and this study shows that type 1 cytokines i.e. IL-2, IFN-γ and TNF-α, were 
significantly increased in comparison to negative control groups. In contrast, the 
production of anti-inflammatory cytokines such as IL-4 and IL-10 in mice immunised 
with the subunit antigen and LT were low, or not significant when compared to naïve 
animals. IL-10 and IL-4 antagonise the proinflammatory response by down-regulation 
of production of cytokines IFN-γ, TNF-α and IL-12 in response to M. tuberculosis 
infection. This leads to suppression of an effective TH1 type immune response 
(Fulton, et al. 1998; Gong, et al. 1996; Hirsch, et al. 1999). However, the production 
of these anti-inflammatory cytokines in response to M. tuberculosis may limit tissue 
injury by inhibiting excessive inflammatory response (Murray, et al. 1997).   It is 
therefore the balance between the inflammatory and protective immune response that 
determines the outcome of tuberculosis infection. The classic cytokine produced 
during M. tuberculosis infection that is indicative of protection is IFN-γ (Flynn, et al. 
1993). IFN-γ contributes to protective immunity against M. tuberculosis by activating 
macrophages to more effectively eliminate this pathogen. Individuals defective in 
genes for IFN-γ and IFN-γ receptors are prone to serious M. tuberculosis infections 
(Ottenhoff, et al. 1998).  CBA data from this study shows high levels of antigen 
specific IFN-γ production in those mice immunised with 10µg Ag85B-ESAT6 and LT 
(approx. 2000pg/mL). Docherty et al showed similar levels of IFN-γ in mice 
immunised with the subunit vaccine, plus the adjuvant monophosphoryl lipid A 
(MPL). This study also showed a substantial reduction in both lung and spleen M. 
tuberculosis CFUs after aerosol infection with virulent M. tuberculosis (Doherty, et 
al. 2002), which was comparable to BCG vaccinated animals. Our data therefore 
suggests that this intranasal prime-boost immunisation regimen, using LT and 
Ag85B-ESAT6, would possibly provide protection against a future pathogenic M. 
tuberculosis challenge. Both this study, and the Dietrich study employed intranasal 
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delivery of the adjuvant LTK63 in combination with the fusion protein Ag85B-
ESAT6 (Dietrich, et al. 2006). The Dietrich study reported high levels of IFNγ 
(9000pg/mL) in animal intranasally immunised three times, whereas this study only 
shows modest levels of IFN-γ in mice immunised twice intranasally and once 
intraperitoneally with the adjuvant and protein (300pg/mL). As already discussed, the 
differences observed in the IFN-γ levels between this study and the Dietrich study 
may be due to the levels of Ag85B-ESAT6 used (i.e. 10µg compared to 25µg), and 
may also be due in part to the differences in the route of the third immunisation boost 
(i.p. compared to i.n.). The published study gave in total 45µg more fusion protein 
than this study, which may be a major factor in inducing significant IFN-γ immune 
responses. In fact, a dose response study done by Jes Dietrich indicated significant 
increases in IFN-γ levels when using the larger (i.e. 25µg) Ag85B-ESAT6 dose when 
compared to just a 10µg dose (personal communication). A number of studies have 
reported that the route of immunisation with either homologous or heterologous 
boosting does influence the magnitude of the antibody response as well as the 
IgG1/IgG2a ratio (Glynn, et al. 2005a) (Vajdy, et al. 2004). Mucosal priming 
followed by systemic boosting can be more effective in inducing serum antibody 
responses, as well as strong cellular immune responses, than a homologous 
vaccination regimen (Glynn, et al. 2005a; Vajdy, et al. 2004). However, more often 
than not the differences observed did not affect the outcome of further a challenge 
study (Glynn, et al. 2005b). Therefore, for this present study it can be postulated that 
the reason for the lower IFN-γ levels when compared to the Dietrich paper is possibly 
due to the differences in the doses of antigen, rather than due to the variation in the 
third immunisation route. The final boosting of animals via intraperitoneal route was 
used in this study as it has previously been shown to significantly increase humoral 
responses in a number of vaccination regimens PAPER. However, as the main focus 
of this thesis is to examine immune responses induced after mucosal immunisation it 
would be interesting to repeat the experiment using a final intranasal boost. 
 
In conclusion, an intranasal/intraperitoneal heterologous vaccination regimen, 
utilising the M. tuberculosis fusion antigen Ag85B-ESAT6 and the mucosal adjuvant 
LT is successful at inducing strong and significant serum and mucosal antibody 
responses along with a strong TH1 cytokine profile. 
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4 Characterisation of innate immune responses shortly 

after intranasal immunisation of model antigens.  

4.1 General introduction 

The nasal route for vaccination offers some important opportunities for the 

prophylaxis of many diseases. It is a particularly attractive approach due to the 

functionality of the CMIS, i.e. induction of immune responses at local sites can lead 

to effector responses at distant mucosal sites. Consequently, the rational design of 

nasal vaccines for clinical use depends on the availability of information about the 

mechanisms that lead to a mucosal immune response after intranasal vaccination 

(Ogra, et al. 2001).   

 

The role of lymphoid tissues in respiratory tract defences includes antigen uptake and 

processing and presentation for the induction of mucosal immune responses. This has 

been found to occur in the secondary organised lymphoid aggregates, called the 

BALT, situated in the bronchial wall, and the NALT, which is situated at the nasal 

entrance to the pharyngeal duct. Other important parts of the respiratory tract that play 

roles in immune development include the draining LNs. In fact, it is the NALT that is 

the first point of contact for many inhaled antigens, and consequently plays a major 

role in both induction and effector immune responses, which are then further 

amplified in the draining CLN. Reviewed in (Bienenstock and McDermott 2005). In 

humans, the nasopharyngeal region also contains a high density of immune competent 

cells similar to the NALT, most notable in the Waldeyer’s ring which consists of the 

tonsils and adenoids (Perry and Whyte 1998). As described in Chapter 1, NALT is a 

well organised structure, consisting of B and T-cell areas with surrounding APC, 

which are covered by an epithelial layer containing M-cells (Asanuma, et al. 1997; 

Karchev and Kabakchiev 1984; Kuper, et al. 1990). See Figure 4.1 for location and 

structure of the NALT.  
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Figure 4.1: Location and structure of the NALT 

a. Schematic diagram showing the anatomical location of murine NALT, NP (nasal passages) and 

CLN. b. Anatomic locations of NALT in naive Balb/c mice after hematoxylin-eosin (H+E) staining. 

Magnification = 5. c. Frozen NALT section from naive Balb/c mice after H+E staining. FR indicates 

follicular regions; PR, parafollicular regions; HEV, high endothelial venules and; ES, epithelial sides. 

Magnification = 20 
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Intranasal administration of antigens to the mucosal surface can lead to different 

outcomes depending on the nature of the antigen and interactions at the inductive site. 

Factors such as dose, the ability to bind, the use of adjuvant, and frequency of 

administration are all contributing factors. After intranasal immunisation, both 

humoral and cellular immune responses can occur.  Small soluble antigens can 

penetrate the nasal lumen directly and interact with underlying APC, such as DC and 

macrophages, whereas the specialised M-cells can allow selective transport of both 

soluble and particulate antigen across the epithelium for further interaction with a 

wide variety of leukocytes. Once APCs in the M-cell pocket take up antigen, they 

process the antigen and migrate into the interfollicular areas, where they present 

antigenic epitopes in the context of MHC molecules (Fujimura 2000). However, the 

detailed pathway for the antigen uptake and their migration within the NALT is still 

unclear. This antigen processing and presentation by DC and macrophages leads to T-

cell activation of both T-helper and CTL. A number of studies have revealed a 

dominant TH0 cytokine profile, indicating that these T cells are capable of becoming 

TH1 or TH2 cells immediately after antigen exposure through the nasal tract. This in 

turn leads to the release of cytokines and chemokines as well as B-cell proliferation, 

differentiation, and maturation into IgA and IgG producing plasma cells (Hiroi, et al. 

2001; Hiroi, et al. 1998; Yanagita, et al. 1999). In fact, after intranasal immunisation, 

the antibody response induced in the NALT and the associated draining LNs can be 

strong and may retain long term memory (Liang, et al. 2001; Tamura, et al. 1998; 

Zuercher, et al. 2002).  

 

 The first point of call for draining antigen activated immune cells is the superficial 

CLN, which then drains into the posterior CLN. These LNs are organised bean-

shaped organs consisting of an outer B-cell cortex region, the paracortex, which is 

particularly rich in T cells, and the medulla which contains both B lymphocytes, 

plasma cells and macrophages (see Section 1.4.4.3 for more details). After initial 

induction in the NALT, immune responses are further amplified in these draining LNs 

following an onset delay. The CLN show a more pronounced expansion of 

lymphocytes when compared to the NALT, particularly after viral infection (11-fold 

vs. 2-fold). Even more strongly than in the NALT, B cells within the draining LNs 

show high production of specific IgG antibodies, which after entering the blood leads 
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to the generation of systemic IgG after intranasal vaccination. Reviewed in (Zuercher 

2003). From the CLN, specific effector cells are distributed via lymph fluid and blood 

to both mucosal and systemic sites around the body. In fact, numerous studies have 

reported antigen specific immune responses from NALT primed lymphoid cells at 

local and distant mucosal effector sites (e.g. the D-NALT, the genitourinary tract and 

the gut) operated by the CMIS (Kunkel, et al. 2003; Lazarus, et al. 2003). However, 

the mechanisms of homing to these sites are largely unknown to date.  

 

The role played by the GALT, such as PPs and ILFs, in antigen sampling, innate 

immune responses and in the subsequent generation of antigen-specific immune 

responses is well-characterised. For a comprehensive review see (Nochi and Kiyono 

2006). Despite a central role in mucosal immunity, little is known about the nasal 

immune system. The phenotype and functions of the different cellular subpopulations 

are not fully characterised. The majority of studies looking at the NALT and CLN 

have focussed on the induction of adaptive immunity, and have therefore tended to 

examine later time-points. However, the characterisation of innate immune responses 

early after intranasal administration of antigens/pathogens in the upper respiratory 

tract is not fully understood. Gueirard et al examined immune responses after 

intranasal administration of the respiratory pathogen Bordetella bronchiseptica. 

CD11c+ leukocytes were present in the NALT subepithelium of naive mice, but were 

not found to be homogeneously distributed. At 5 and 24 hours after B. bronchiseptica 

delivery, an increased number of cells expressing CD11c were detected and located 

exclusively along the epithelial side of each NALT aggregate without specific 

localisation to the T cell area. However, by 48 hours post challenge CD11c+ cells had 

migrated to these areas (Gueirard, et al. 2003). Another study examined the NALT 

and CLN after influenza virus infection, and found that three days post administration 

slightly higher numbers of CD4+ and CD8+ T cells and lower B220+ cell numbers 

were detectable in the NALT. At 4 days post infection, IgA producing plasma cells 

were found in the NALT, whereas another two days was needed before antibody 

responses were detected in the CLN (day 6) (Liang, et al. 2001). Recently, Park and 

colleagues constructed a group A streptococcus (GAS) strain that expressed the model 

OVA epitope on the bacterial cell surface, and used this strain in adoptive transfer 

experiments to study CD4 T cell response to bacterial infection in NALT. After 
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intranasal infection of mice with the recombinant strain, OVA-specific CD4 T cells 

were detected in the NALT at three days. The level of CD69, an early activation 

marker, on OVA-specific T cells in NALT was also assessed at an earlier time point. 

36 hours after infection, a great number of T cells in NALT and CLN expressed 

CD69. Both levels of CD69+ expression on T cells and their frequency were higher in 

NALT than in CLN (Park, et al. 2004). 

 

Given the rapid nature of the innate immune system, I hypothesise that intranasal 

immunisation of antigen and adjuvant will lead to the induction of significant early 

immune responses in a number of different innate cell populations in both local URT 

lymphoid tissues, i.e. the NALT and CLN. In addition intranasal immunisation will 

result in significant up regulation of CAMs and the generation of GC.  

 

The aim of this work is to contribute to the phenotypic and functional description of 

NALT and CLN early after intranasal administration of antigen. Balb/c mice were 

intranasally immunised with; PBS (naïve), the adjuvant LT or LT plus the 

tuberculosis fusion antigen Ag85B-ESAT6. I isolated cells from both compartments 

in mice 5, 24 and 72 hours after immunisation, and using flow cytometry and confocal 

microscopy, determined the frequencies, localisation and activation status of innate 

immune cell populations including; DC, macrophages, neutrophils, and NKC. I also 

examined the expression of cell adhesion molecules (MAdCAM-1, PNAd, ICAM-1 

and VCAM-1) and germinal centre formation. 

 

I found striking differences between the cell surface phenotype of leukocytes and their 

pattern of distribution from the NALT and CLN at all time points tested after 

immunisation. Altogether, these data provide evidence indicating the distinctive and 

complex phenotypic and functional features that exist in the immune cell population 

at early time points after intranasal administration of antigen. 
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4.1.1 Technical Note 

I had to develop an approach for removal and analysis of the NALT (see Section 

2.3.1.1 for removal details). Unfortunately, decalcification and formalin fixing of 

mouse heads destroys many antigen markers and therefore I could not use this process 

for examining sections of the NALT. At first I tried immunohistochemical staining 

methods on our frozen NALT sections; however I found that the background staining 

was very high and therefore not suitable for our study. I consequently decided to 

utilise mAb staining with flurochromes and found this to be a far more superior 

method for staining of the NALT. 

 

 

4.2 Identification of cell populations early after intranasal 

immunisation 

4.2.1 Introduction 

The innate immune system has the important function of identifying and eradicating 

microbes (i.e. heterologous antigens) and alerting the adaptive immune system to their 

presence. The faster-acting innate immune responses provide a necessary first line of 

defence because of the relatively slow nature of adaptive immunity. For 

comprehensive reviews see (Medzhitov and Janeway 2000; Medzhitov and Janeway 

1997). Innate immune responses, among their many effects, leads to a rapid burst of 

inflammatory mediators which results in the infiltration of various cell types to the 

site of stimulation. Innate immune processes are conducted by cells relatively 

unrestricted in antigen specificity, including NKC, DC, neutrophils and macrophages. 

See Figure 4.2 for origin and differentiation of immune cells. 
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Figure 4.2: Origin and haematopoietic differentiation of immune cells 

All hematopoietic cells are derived from pluripotent stem cells which give rise to two main lineages: 
one for lymphoid cells and one for myeloid cells. The common lymphoid progenitor has the capacity to 
differentiate into T cells, B cells or NKC depending on the microenvironment to which it homes. The 
myeloid cells differentiate into all other cells mentioned. Cells circled in red indicate the cell 
populations examined in this study. 
 
 

Innate stimulation of DC triggers their differentiation into immunogenic APC, which 
consequently allows presentation of antigen material to T cells as well as providing 
the necessary inflammatory signals to modulate T cell differentiation (Reis e Sousa 
2004; Steinman and Hemmi 2006). In bacterial infections, a newly discovered DC 
subpopulation termed iNOS/TNFα-producing “Tip”-DC has been reported to be 
critical, as demonstrated in a model of infection with L. monocytogenes, indicating 
that DC may also have a role to play in innate immune defences (Serbina, et al. 2003).   
Macrophages are essential effector cells of innate immunity that play a pivotal role in 
the recognition and elimination of invasive micro-organisms. Mediators released by 

activated macrophages orchestrate innate and adaptive immune host responses. As 
with DC, they also have a role to play in antigen presentation via MHC II, in addition 
to their other main phagocyctic role (Gordon and Read 2002). Neutrophils are an 
integral part of the innate immune response and are normally one of the first cell types 

Stem cell 

Common 
myeloid 

precursor 

Megakaryocyte 
-erthrocyte 
progenitor 

Erythrocytes 

Megakaryocytes 

T cells 
NKC B cells 

Common lymphoid precursor 

Granulocyte- 
Monocyte 
progenitor 

Monocyte 

DC 

Macrophages 

Progranulocyte 

Neutrophils 

Eosinophils 

Basophils 



Chapter 4. Characterisation of innate immune responses shortly after intranasal immunisation 
 
 

107

to arrive at an inflammatory site due to their high motility. As with macrophages, they 
are active phagocytes and ingest and destroy foreign antigens during a “respiratory 
burst” (Kobayashi, et al. 2005). NKC are a form of cytotoxic lymphocyte which 
constitute a major component of the innate immune system. NKC play a major role in 
the host-rejection of both tumors and pathogen infected cells and activated NKC also 
exhibit rapid secretion of several cytokines, notably IFN-γ (Young and Ortaldo 2006). 
Considering the above points I therefore speculated that intranasal immunisation may 
affect migration and activation of these cell populations within both the NALT and 
CLN at early time-points. As far as I know, this present study is the first to 
characterise the innate immune responses taking place in the upper respiratory tract 
lymphoid tissues. It will hopefully provide a better understanding of the inductive and 
effector factors involved in the early regulation of mucosal immunity which will help 
in the design of safer mucosal vaccines to elicit the appropriate protective immune 
response to a given pathogen. 
 

4.2.2 Results 

4.2.2.1 Percentage, distribution and activation status of NALT and CLN innate 

cell populations after intranasal immunisation 

In order to identify the cell populations involved in early immune responses after 

intranasal administration of antigen, cells were isolated 5, 24 and 72 hours from both 

the NALT and CLN of immunised mice. The number of cells recovered from isolated 

NALT of naïve Balb/c mice was 1.2 (± 0.8) x 105 cells for a single mouse. In contrast, 

the number of cells recovered from the CLN of naïve mice was over 20-fold higher at 

2.8 (± 1.1) x 106 cells per mouse. The phenotype of NALT and CLN innate immune 

cells were analysed by flow cytometry as shown in Table 5.1. In the NALT of naïve 

mice, DC (CD11c+), macrophages (F4/80+), NKC (DX5+) and neutrophils (Ly6G+) 

were more abundant in terms to total percentage than in the CLN, however in terms of 

total cell numbers these cell types were more profuse in the CLN. The 

percentages/numbers of innate leukocytes observed in this present study, for both the 

NALT and CLN, are similar to those reported previously in Balb/c mice (Gueirard, et 

al. 2003; Liang, et al. 2001; Rodriguez-Monroy, et al. 2007; Tanigawa, et al. 2000; 

van Helvoort, et al. 2004; Woolard, et al. 2004; Wu, et al. 1997b; Yeo, et al. 2006). 

 



Chapter 4. Characterisation of innate immune responses shortly after intranasal immunisation 
 
 

108

Kinetic analysis of intranasal immunisation revealed that administration of LT plus 

Ag85B-ESAT6 differentially influenced several cell populations early after intranasal 

immunisation of antigen in both the NALT and CLN, and dramatic changes in cell 

number percentage were evident as early as 5 hours post-immunisation (Table 4.1 and 

Figure 8.1). 

 

In order to confirm the flow cytometry data as well as examine the distribution of 

innate immune cell populations early after intranasal immunisation, serial frozen 

NALT and CLN sections of control (naïve) and immunised (LT + Ag85B-ESAT6) 

mice were stained for CD11c+, F4/80+ and Ly6G+ cells. Unfortunately examination of 

DX5+ (NKC) cells was not possible as no antibodies are currently commercially 

available for immunohistochemistry. Immunofluorescence analysis of CD11c+, 

F4/80+ and Ly6G+ cells in the NALT and CLN indicated the same kinetics as the flow 

cytometric analysis (Figures 4.3A, 4.4A, 4.5A, 4.6A, 4.7). 

 

To evaluate the effects of intranasal immunisation on the activation status of innate 

immune cells (CD11c+, F4/80+, Ly6G+ and DX5+) at early time-points, I examined 

both the number of cells expressing CD69, CD25, MHCII and VCAM-,1 and the 

Mean Fluorescence Intensity (MFI) of these markers by flow cytometry. The CD69 

(Leu-23) antigen is a cell surface glycoprotein which is expressed on activated T and 

B lymphocytes, as well as NKC and neutrophils (Lanier, et al. 1988). CD69 

expression is induced 4-6 hours after activation, reaches a peak at 18-24 hours and is 

still detectable on the cell surface 24 hours after stimulus is removed (Testi, et al. 

1994; Testi, et al. 1989). Another marker that is expressed early after NKC activation 

is the IL-2 receptor (CD25). This antigen plays a role in IL-2 induced NKC 

proliferation and cytotoxic activity (Kehri, et al. 1988; Lanier, et al. 1985; Lanier, et 

al. 1988; Siegel, et al. 1987; Tsudo, et al. 1987). Class II MHC molecules are integral 

membrane proteins expressed at the cell surface, which bind peptide fragments of 

antigen and present them to T cells that express a complimentary T cell receptor for 

antigen. MHC class II molecules are only expressed on so-called “professional” APC, 

such as DC, macrophages and B lymphocytes. MHC II expression is upregulated after 

antigen stimulation and is therefore associated with APC activation (Santambrogio 

and Strominger 2006; Santana and Esquivel-Guadarrama 2006; Wetzel and Parker 



Chapter 4. Characterisation of innate immune responses shortly after intranasal immunisation 
 
 

109

2006). The MHC II expressed in Balb/c mice is known as I-Ad. VCAM-1 is also 

expressed at low levels on macrophages and DC, but can be induced after antigenic 

stimulation. This adhesion molecule can therefore be used an indicator for activation 

of these cell types (Balogh, et al. 2002; Rice, et al. 1991). From this analysis, it was 

determined that differences in expression of both MHC II and VCAM-1 expression on 

CD11c+ and F4/80+ cells were maximal in the NALT at early time-points with the 

CLN showing the greatest differences at later time-points (Figures 4.3B, 4.4B, 4.5B, 

4.6B and Table 8.2). 

 

The flow cytometry results are shown as percentages from 10,000 recorded events. I 

did not tie these percentages back to total cell numbers obtained after processing of 

both the NALT and CLN as it is very unlikely that the whole tissues could be 

dissected out. Therefore any data obtained from these calculations (i.e. percentages 

multiplied back to total cell numbers) would not be an accurate representation of the 

responses induced. 
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Table 4.1: Surface phenotype of isolated cells from NALT and CLN 5, 24 and 72 hours after intranasal immunisation. 

Cells were isolated from NALT and CLN of Balb/c mice 5, 24 and 72hours after intranasal immunisation with PBS (naïve mice), 1µg LT or 1µg LT + 10µg Ag85B-ESAT6, 

and stained with flurochrome-labelled mAbs and analysed by flow cytometry in which 10,000 events were recorded. Data represents the mean percentage of expression ± 

standard deviation from groups of ten individual mice, from two independent experiments. The * indicates significant values of p<0.05 and **, p<0.01, as determined by one-

way ANOVA followed by Dunnett’s Multiple Comparison Test compared to negative control animals (i.e. PBS immunised). Black represents those percentage values not 

significantly different to those seen in naïve mice; red indicates values significantly increased, and blue shows percentages significantly decreased in comparison to negative 

control mice.  

 

 

 

 

 

 

 

Cell 
Marker Immunisation   NALT %    CLN %  

  0hrs 5hrs 24hrs 72hrs 0hrs 5hrs 24hrs 72hrs 
CD11c+ LT 6.6 ± 1.5 5.2 ± 0.8* 5.3 ± 0.7* 5.9 ± 0.5 4.2 ± 0.3 4.4 ± 0.4 2.9 ± 0.8** 5.3 ± 0.7* 

 LT + Ag 6.5 ± 1.1 5.3 ± 1.1* 7.9 ± 1.2* 6.8 ± 1.0 4.3 ± 0.6 4.3 ± 0.2 2.4 ± 0.3** 5.3 ± 0.9* 
F4/80+ LT 7.7 ± 1.2 6.2 ± 0.9* 6.0 ± 1.0* 7.8 ± 1.0 3.4 ± 0.8 3.3 ± 0.5 4.0 ± 0.3 5.7 ± 0.6** 

 LT + Ag 7.6 ± 1.3 4.9 ± 1.1** 7.6 ± 1.2 7.9 ± 1.2 3.6 ± 0.7 3.2 ± 0.2 3.9 ± 0.6 6.7 ± 0.9** 
DX5+ LT 5.4 ± 1.6 5.6 ± 0.5 7.8 ± 2.1* 3.2 ± 0.8* 4.3 ± 0.9 5.8 ± 0.7* 8.2 ± 3.1** 4.7 ± 1.9 

 LT + Ag 5.3 ± 1.2 5.0 ± 0.6 10.3 ± 3.1** 7.6 ± 2.1* 3.9 ± 1.4 10.4 ± 3.4** 8.9 ± 2.2** 3.6 ± 0.7 
Ly6G+ LT 7.6 ± 1.8 6.9 ± 1.7 9.0 ± 1.1* 7.0 ± 1.4 3.4 ± 0.7 3.0 ± 0.6 5.9 ± 1.2** 5.6 ± 1.2** 

 LT + Ag 7.4 ± 1.6 4.8 ± 1.1** 5.8 ± 1.1* 7.8 ± 1.2 3.5 ± 0.7 5.5 ± 1.2** 3.2 ± 1.9 2.1 ± 0.3** 
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4.2.2.1.1 Dendritic Cells 

 

Figure 4.3: Schematic diagram showing an overview of DC movement and activation within the 

NALT and CLN 5, 24, and 72 hours after intranasal immunisation 

A. Ovals represent cells and numbers within the ovals indicate individual time-points. White ovals 

represent that the percentage change is not statistically different (i.e. p > 0.05) from naïve animals, blue 

shows a significant decrease (i.e. p < 0.05) and red indicates a significant increase (i.e. p > 0.05) in the 

cell population when compared to control mice. The arrows indicate direction of movement at 

particular time-points. FR stands for follicular regions (i.e. B cell areas), PR is for parafollicular 

regions (i.e. T cell areas), ES is for epithelial sides, and HEV stands for high endothelial venules.  

B. Cells were isolated from the NALT and CLN of control (PBS immunised) and immunised animals, 

5, 24 and 72 hours after intranasal administration of antigen. Cells were analysed for CD11c+ (Figure 

4.3B) expression, as well as MHC II and VCAM-1 expression. For analysis, gates were set on the 

innate subset marker positive (CD11c+) cells and the MFI of MHC II and VCAM-1 expression was 

determined. Data are presented as means ± SD with the * indicating significant values of p < 0.05 and 

**, p < 0.01, as determined by one-way ANOVA followed by Dunnett’s Multiple Comparison Test 

compared to negative control animals (i.e. PBS immunised). Green bars represent cells isolated at 5 

hours, yellow at 24 hours and purple at 72 hours. Block colours represent naïve (PBS immunised) 

animals and, diagonal lines show animals intranasally immunised with adjuvant plus Ag85B-ESAT6. 

Scales are representational of individual activation marker MFI for each tissue – always refer to y-axis 

scale for each graph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4. Characterisation of innate immune responses shortly after intranasal immunisation 
 
 

112

4.2.2.1.1  Dendritic Cells 
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4.2.2.1.1.1 5 hour time-point 

Cells from the NALT of immunised mice at the 5 hour time-point were found to have 

a significantly lower (p < 0.05) percentage of CD11c+ cells, as well as 

CD11c+/VCAM-1+ cells, when compared to PBS immunised animals (Tables 4.1 and 

8.2A and Figure 8.1A). I also observed that both MHC II and VCAM-1 fluorescence 

increased (p < 0.01) significantly in all immunised mice on DC at this time-point 

(Figure 5.3B). However, the distribution of this cell type remained similar to that seen 

in naïve mice (Figure 4.7A). Within the CLN, as early as 5 hours post immunisation, 

DC were more widely distributed, this was in comparison to the DC pattern in naïve 

animals which appeared more clustered (Figure 4.7A). I also observed an increase in 

MHC II fluorescence (p < 0.05) on CD11c+ cells from immunised animals compared 

to that of naïve mice (Figure 4.3B).  

 

4.2.2.1.1.2 24 hour time-point 

24 hours post intranasal immunisation, CD11c+ and CD11c+/MHCII+ cells were 

significantly increased (p < 0.05) in the NALT (Tables 4.1 and 8.2A and Figure 

8.1B). In addition I also observed a more wide-spread pattern of CD11c+ cells in 

immunised mice compared to that seen in the naive mice (Figure 4.7A). Within the 

CLN, immunised mice were found to have a significantly lower percentage (p < 0.01) 

of CD11c+ cells and the subpopulations of CD11c+ cells positive for MHC II and 

VCAM-1 when compared to naïve animals (Tables 4.1 and 8.2A and Figure 8.1C). 

Conversely, I observed a significant increase in VCAM-1 expression on DC at 24 

hours within the CLN of immunised mice (Figure 4.3B).  
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4.2.2.1.1.3 72 hour time-point 

Even though the percentage of CD11c+ cells were similar 72 hours after immunisation 

in all animals tested, I did also observe a more widespread distribution of DC within 

the NALT of immunised animals, particularly the appearance of DC within follicular 

regions (Table 4.1 and Figures 4.7A). I also noted that CD11c+ cells expressing 

VCAM-1 significantly increased (p < 0.01) in those animals receiving adjuvant and 

antigen (Figure 4.3B). The CLN DC population as well as the CD11c+/MHCII+ and 

CD11c+/VCAM-1+ subpopulations were significantly increased (p < 0.05) in all 

immunised mice compared to PBS immunised animals at this final time-point (Tables 

4.1 and 8.2A and Figure 8.1D). As observed in the NALT, I also saw DC within 

follicular and parafollicular regions (Figure 4.7A). In addition, VCAM-1 expression 

was observed to significantly decrease (p < 0.05) 72 hours after immunisation (Figure 

4.3B). For overview see Figure 4.3. 
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4.2.2.1.2 Macrophages 

 

Figure 4.4: Schematic diagram showing an overview of macrophage movement and activation 

within the NALT and CLN 5, 24, and 72 hours after intranasal immunisation 

A. Ovals represent cells and numbers within the ovals indicate individual time-points. White ovals 

represent that the percentage change is not statistically different (i.e. p > 0.05) from naïve animals, blue 

shows a significant decrease (i.e. p < 0.05) and red indicates a significant increase (i.e. p > 0.05) in the 

cell population when compared to control mice. The arrows indicate direction of movement at 

particular time-points. FR stands for follicular regions (i.e. B cell areas), PR is for parafollicular 

regions (i.e. T cell areas), ES is for epithelial sides, and HEV stands for high endothelial venules.  

B. Cells were isolated from the NALT and CLN of control (PBS immunised) and immunised animals, 

5, 24 and 72 hours after intranasal administration of antigen. Cells were analysed for F4/80+ (Figure 

4.4B) expression, as well as MHC II and VCAM-1 expression. For analysis, gates were set on the 

innate subset marker positive (F4/80+) cells and the MFI of MHC II and VCAM-1 expression was 

determined. Data are presented as means ± SD with the * indicating significant values of p < 0.05 and 

**, p < 0.01, as determined by one-way ANOVA followed by Dunnett’s Multiple Comparison Test 

compared to negative control animals (i.e. PBS immunised). Green bars represent cells isolated at 5 

hours, yellow at 24 hours and purple at 72 hours. Block colours represent naïve (PBS immunised) 

animals and, diagonal lines show animals intranasally immunised with adjuvant plus Ag85B-ESAT6. 

Scales are representational of individual activation marker MFI for each tissue – always refer to y-axis 

scale for each graph. 
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4.2.2.1.2. Macrophages 
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4.2.2.1.2.1 5 hour time-point 

The percentage of F4/80+ cells (macrophages) and those cells also positive for 

VCAM-1 were observed to significantly decrease (p < 0.05) within the NALT in 

intranasally immunised mice as early as 5 hours (Tables 4.1 and 8.2A and Figure 

8.1A). The F4/80+ cells from both naïve (PBS immunised) and immunised animals at 

this time-point were mostly located around the epithelial sides of the tissue; however 

a small number of macrophages in the NALT from immunised animals were also 

located in parafollicular T cell areas (Figure 4.7B). In addition, F4/80+ cells also had a 

significant increase (p < 0.01) in MHC II expression as early as 5 hours after 

immunisation (Figure 4.4B). The F4/80+ population in the CLN of immunised mice 

was similar to that seen in naive mice, however I did observe a significant increase in 

F4/80+/VCAM-1+ cells and MHC II expression at this early 5 hour time-point (Tables 

4.1 and 8.2A and Figure 4.4B).  

 

4.2.2.1.2.2 24 hour time-point 

At 24 hours post administration of antigen, F4/80+ cells had started to return to similar 

levels observed in the NALT of naïve mice (Table 4.1). In addition, the macrophages 

present were located even more centrally, as well as surrounding HEV in immunised 

mice (Figure 4.7B). Again as described for the F4/80+ population at 5 hours within the 

CLN, the percentages of these cells were comparable to control mice (Table 4.1). 

However, I did observe that macrophages positive for MHC II and VCAM-1 were 

actually decreased (p < 0.01) in all immunised mice 24 hours post administration of 

antigen (Table 8.2A). I also noted that the fluorescence intensity of VCAM-1 

significantly increased (p < 0.01) on CLN macrophages (Figure 4.4B). In terms of 

their distribution, the macrophages within CLN of immunised were mice were also 

observed in more central areas compared to the more peripheral pattern seen in naive 

animals 24 hours after immunisation (Figure 4.7B).  
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4.2.2.1.2.3 72 hour time-point 

By 72 hours all immunised mice appeared to have similar numbers of NALT 

macrophages as naive animals, with most surrounding HEV (Table 4.1 and Figure 

4.7B). Within the CLN I observed the same diffuse pattern as at 24 hours and in 

addition there was a significant increase (p < 0.05) in F4/80+ cells as well as the 

subpopulations, F4/80+/MHCII+ and F4/80+/VCAM-1+ at this final time-point (Tables 

4.1 and 8.2A and Figures 8.1D and 4.7B). I also observed a significant decrease (p < 

0.05) in VCAM-1 expression 72 hours after immunisation on F4/80+ cells within the 

CLN (Figure 4.4B). For overview see Figure 4.4. 
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4.2.2.1.3 Natural Killer Cells 

Figure 4.5: Schematic diagram showing an overview of NKC movement and activation within the 

NALT and CLN 5, 24, and 72 hours after intranasal immunisation 

A. Ovals represent cells and numbers within the ovals indicate individual time-points. White ovals 

represent that the percentage change is not statistically different (i.e. p > 0.05) from naïve animals, blue 

shows a significant decrease (i.e. p < 0.05) and red indicates a significant increase (i.e. p > 0.05) in the 

cell population when compared to control mice. The arrows indicate direction of movement at 

particular time-points. FR stands for follicular regions (i.e. B cell areas), PR is for parafollicular 

regions (i.e. T cell areas), ES is for epithelial sides, and HEV stands for high endothelial venules.  

B. Cells were isolated from the NALT and CLN of control (PBS immunised) and immunised animals, 

5, 24 and 72 hours after intranasal administration of antigen. Cells were analysed for DX5+ expression 

as well as CD25 and CD69 expression (Figure 4.5B). For analysis, gates were set on the innate subset 

marker positive (DX5+) cells and the MFI of CD25 and CD69 expression was determined. Data are 

presented as means ± SD with the * indicating significant values of p < 0.05 and **, p < 0.01, as 

determined by one-way ANOVA followed by Dunnett’s Multiple Comparison Test compared to 

negative control animals (i.e. PBS immunised). Green bars represent cells isolated at 5 hours, yellow at 

24 hours and purple at 72 hours. Block colours represent naïve (PBS immunised) animals and, diagonal 

lines show animals intranasally immunised with adjuvant plus Ag85B-ESAT6. Scales are 

representational of individual activation marker MFI for each tissue – always refer to y-axis scale for 

each graph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4. Characterisation of innate immune responses shortly after intranasal immunisation 
 
 

120

4.2.2.1.3 Natural Killer Cells 
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4.2.2.1.3.1 5 hour time-point 

The percentage of DX5+ cells within the NALT was found not to be significantly 

different (p > 0.05) from those seen in naïve mice 5 hours after immunisation (Table 

4.1). I also observed increased (p < 0.05) CD25 expression on DX5+ cells, but 

significantly lower (p < 0.01) number of DX5+/CD69+ cells at 5 hours within the 

NALT (Table 8.2B and Figure 4.5B). The CLN percentage of NKC and DX5+/CD25+ 

cells in immunised mice were increased (p < 0.01) by more than 2x compared to naive 

mice (Tables 4.1 and 8.2B and Figure 8.1H). Conversely to what was observed in the 

NALT, all animals immunised with adjuvant and antigen showed an increase (p < 

0.01) in DX5+/CD69+ cells 5 hours after immunisation within the CLN (Table 8.2B).  

 

4.2.2.1.3.2 24 hour time-point 

By 24 hours the percentage of DX5+ and DX5+/CD25+ cells found within the NALT 

was significantly increased (p < 0.01) in immunised mice, with an approximately 2x 

higher percentage of NKC than naïve animals (Tables 4.1 and 8.2B and Figure 8.1F). 

Within the CLN, the percentages of DX5+ and DX5+/CD25+ cells in immunised mice 

were still found to be significantly higher (p < 0.01) than naïve animals 24 hours after 

intranasal immunisation (Tables 4.1 and 8.2B and Figures 8.1I).  

 

4.2.2.1.3.3 72 hour time-point 

Within the NALT, 72 hours post immunisation, there continued to be a greater 

percentage (p < 0.05) of NKC, DX5+/CD25+ and DX5+/CD69+ cells compared to 

naïve mice but the percentage was lower than that seen at 24 hours (Tables 4.1 and 

8.2B and Figure 8.1G). In addition, I observed a significant increase in surface CD69 

expression on these cells (Figure 4.5B). For the CLN DX5+ population I observed that 

NKC percentages in immunised mice returned to those seen for naïve animals (p > 

0.05) (Table 4.1). However, there was still a significant increase (p < 0.01) in the 

DX5+/CD25+ subpopulation in immunised mice at this final time-point (Table 8.2B). 

For overview see Figure 4.5. 
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4.2.2.1.4 Neutrophils 

Figure 4.6: Schematic diagram showing an overview of neutrophil movement and activation 

within the NALT and CLN 5, 24, and 72 hours after intranasal immunisation 

A. Ovals represent cells and numbers within the ovals indicate individual time-points. White ovals 

represent that the percentage change is not statistically different (i.e. p > 0.05) from naïve animals, blue 

shows a significant decrease (i.e. p < 0.05) and red indicates a significant increase (i.e. p > 0.05) in the 

cell population when compared to control mice. The arrows indicate direction of movement at 

particular time-points. FR stands for follicular regions (i.e. B cell areas), PR is for parafollicular 

regions (i.e. T cell areas), ES is for epithelial sides, and HEV stands for high endothelial venules.  

B. Cells were isolated from the NALT and CLN of control (PBS immunised) and immunised animals, 

5, 24 and 72 hours after intranasal administration of antigen. Cells were analysed for Ly6G+ (Figure 

4.6B) expression, as well as CD69 expression. For analysis, gates were set on the innate subset marker 

positive (Ly6G+) cells and the MFI of CD69 expression was determined. Data are presented as means ± 

SD with the * indicating significant values of p < 0.05 and **, p < 0.01, as determined by one-way 

ANOVA followed by Dunnett’s Multiple Comparison Test compared to negative control animals (i.e. 

PBS immunised). Green bars represent cells isolated at 5 hours, yellow at 24 hours and purple at 72 

hours. Block colours represent naïve (PBS immunised) animals and, diagonal lines show animals 

intranasally immunised with adjuvant plus Ag85B-ESAT6. Scales are representational of individual 

activation marker MFI for each tissue – always refer to y-axis scale for each graph. 
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4.2.2.1.4 Neutrophils 
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4.2.2.1.4.1 5 hour time-point 

Neutrophil numbers were observed to significantly decrease (p < 0.05), but the MFI 

of CD69 significantly increased (p < 0.01) on these cells in immunised animals within 

the NALT, compared to control mice at the 5 hour time-point (Table 4.1 and Figures 

8.1E and 4.6B). The distribution of remaining cells was still similar to control animals 

(Figure 4.7C). I also observed that neutrophils (Ly6G+) positive for CD69 decreased 

(p < 0.01) in all immunised mice after 5 hours within the NALT (Table 8.2B). 

Contrary to what I observed within the NALT, immunised animals had increased 

percentages (p < 0.01) of Ly6G+ cells within their CLN at this early 5 hour time-point 

(Table 4.1 and Figure 8.1H).  

 

4.2.2.1.4.2 24 hour time-point 

By 24 hours, mice immunised with LT + Ag85B-ESAT6 had an increase in the 

percentage of Ly6G+ cells compared to the percentage seen at 5 hours, however this 

was still significantly lower (p < 0.05) than that seen for naïve animals (Table 4.1 and 

Figure 8.1F). I also observed that CD69 expression was still higher (p < 0.05) in these 

animals when compared to controls (Figure 4.6B). I also observed movement of 

Ly6G+ cells from the periphery into more central locations after immunisation 

(Figures 4.7C). Within the CLN mice receiving adjuvant and antigen showed an 

increase in CD69 expression on their Ly6G+ cells when compared to naïve animals 

(Figure 4.6B). However, in terms of the percentage of Ly6G+ cells I did not observe a 

significant difference (p > 0.05) between immunised and naïve animals (Table 4.1).  

 

4.2.2.1.4.3 72 hour time-point 

By 72 hours the Ly6G+ NALT population was similar in all animals tested, but 

neutrophils of immunised mice still showed a more central wide-spread distribution 

than observed in control animals (Table 4.1 and Figure 4.7C). Within the CLN, I 

observed a depletion of the Ly6G+ population in immunised mice (Table 4.1 and 

Figure 8.1J). In terms of distribution, I observed a similar pattern of Ly6G+ cells in all 

immunised and naïve animals at all time-points tested within the CLN, i.e. within the 

parafollicular region (Figure 4.7C). For overview see Figure 4.6. 
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Figure 4.7: Immunofluoroscent analysis of NALT and CLN early after intranasal immunisation. 

Both naïve (PBS immunised) and immunised (LT + Ag85B-ESAT6) Balb/c mice were compared. 

Figure 4.7A represents staining of frozen sections for CD11c in the NALT and CLN, 5, 24 and 72 

hours post immunisation. Double immunolabeling of cell nuclei by Hoechst (blue) and CD11c (red). 

There was no staining using isotype control mAb (not depicted). Magnification = 28. Arrows indicate 

particular areas such as; B-cell areas (follicular regions, FR), T-cell areas (parafollicular regions, PR), 

HEV and epithelial sides (ES). For H + E image reference see Figure 4.1. 
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Figure 4.7: Immunofluoroscent analysis of NALT and CLN early after intranasal immunisation. 

Both naïve (PBS immunised) and immunised (LT + Ag85B-ESAT6) Balb/c mice were compared. 

Figure 4.7B represents staining of frozen sections for F4/80 in the NALT and CLN, 5, 24 and 72 hours 

post immunisation. Double immunolabeling of cell nuclei by Hoechst (blue) and F4/80 (green). There 

was no staining using isotype control mAb (not depicted). Magnification = 28. Arrows indicate 

particular areas such as; B-cell areas (follicular regions, FR), T-cell areas (parafollicular regions, PR), 

HEV and epithelial sides (ES). For H + E image reference see Figure 4.1. 
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Figure 4.7: Immunofluoroscent analysis of NALT and CLN early after intranasal immunisation. 

Both naïve (PBS immunised) and immunised (LT + Ag85B-ESAT6) Balb/c mice were compared. 

Figure 4.7C represents staining of frozen sections for Ly6G in the NALT and CLN, 5, 24 and 72 hours 

post immunisation. Double immunolabeling of cell nuclei by Hoechst (blue) and Ly6G (red). There 

was no staining using isotype control mAb (not depicted). Magnification = 28. Arrows indicate 

particular areas such as; B-cell areas (follicular regions, FR), T-cell areas (parafollicular regions, PR), 

HEV and epithelial sides (ES). For H + E image reference see Figure 4.1. 
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Figure 4.7C: 
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4.2.3 Discussion 

The innate immune response reacts rapidly to foreign antigens with activation and 

migration of its cellular components (Janeway and Medzhitov 2002; Medzhitov and 

Janeway 2000). The relevance of these individual components to host survival against 

pathogen infections is beyond doubt, with the protective contribution of DC, 

macrophages, NKC and neutrophils, as well as various cytokines being demonstrated 

in a number of infections (Bodnar, et al. 2001; Harshan and Gangadharam 1991; 

Murphy, et al. 2004; Pedrosa, et al. 2000; Rogers and Unanue 1993; Samsom, et al. 

1997; Schafer and Eisenstein 1992; Weissman and Fauci 1997). This has lead to an 

appreciation in recent years that innate immunity is central to protection against 

infectious diseases and the induction of adaptive immune responses. However, an 

integrated picture of innate responses after mucosal vaccination has not been 

established. The current study addresses this by characterising changes in defined cell 

populations, their activation status, cell adhesion molecule expression and GC 

formation in the first few hours and days following intranasal immunisation with a 

mucosal adjuvant and model antigen. Hopefully this study will accentuate the 

importance of understanding the nature of innate immune responses at the mucosae 

for the design of improved vaccines. 

 

4.2.3.1 5 hour time-point 

The earliest changes in NALT cell populations detected were a rapid and significant 

reduction in the total percentages of DC, macrophages and neutrophils and a 

concomitant increase in CLN neutrophils along with an increase in NKC. The 2-fold 

increase in NKC percentages that occurred 5 hours after intranasal immunisation 

transformed this minor CLN population to the most abundant innate cell type in the 

CLN. NKC contribute to innate immunity by the production of cytokines, particularly 

IFN-γ, along with other immunomodulatory signals early after their activation. In 

addition to the increase of DX5+ cells seen within the CLN, I also observed a 

significant increase of DX5+CD69+ and DX5+/CD25+ cells. As already discussed, the 

CD69 and CD25 antigens are some of the earliest markers expressed on activated 

NKC following stimulation by a variety of mitogenic agents. Our in vivo observations 

in immunised mice show that even though the percentage of these cells increases, 
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their MFI does not, possibly indicating that this influx of NKC cells in the CLN 

precedes their activation. Contrary to the activation status observed in the CLN NKC, 

I did observe a significant increase in CD25 expression on NALT NKC, suggesting 

that the cells already present within this lymphoid tissue may be activated. The earlier 

activation status of these cells within the NALT highlights the fact that the NALT is 

the first area that uptake of soluble antigen occurs before it can gain access to nose-

draining LNs such as the superficial CLN. Although I did observe migration of NKC 

cells into the CLN, I did not see a concurrent reduction in percentages within the 

NALT, suggesting that influx of NKC within the CLN is due to migration of this 

innate cell population from another site, as yet unidentified.  In this present study I 

removed the O-NALT; however there is also another, less organised, lymphoid site 

situated within the nasal passages called the D-NALT (Kuper, et al. 1992). Studies to 

date suggest that the O-NALT is rich in unswitched, naive B cells and naive T cells, 

suggesting that it is a mucosal inductive site, whereas the D-NALT may function as 

an effector site (Hiroi, et al. 1998; Wu, et al. 1996). With these points in mind it may 

be that the other cell populations undergoing changes during this early 5 hour time-

point are in fact trafficking to this area to ‘pick-up’ and process antigen before 

moving back to the inductive O-NALT or other lymphoid tissues. Whereas this may 

be true for the macrophage and DC populations, with regards to the Ly6G+ 

population, it appears that the disappearance of neutrophils from the NALT probably 

results in the migration and influx of this cell population into the CLN 5 hours after 

immunisation. As described for the up regulation of CD25 on NKC, I also observed a 

significant increase of CD69 on neutrophils suggesting that these cells were activated 

within the NALT, but not the CLN. Neutrophils are usually thought of as the 

leukocyte population involved in acute inflammatory responses, acting as a first line 

of defense against invading microorganisms. They are also able to synthesise 

cytokines in response to a variety of inflammatory stimuli. For a comprehensive 

review see (Nathan 2006). Therefore, activation of this innate cell population may 

induce further cellular and vascular innate immune mechanisms at very early time-

points after immunisation. In addition to the decrease in percentages of APC within 

the NALT, I also observed an increase in activation marker expression (i.e. MHC II 

and VCAM-1), suggesting that the NALT cells present may be activated and ready to 

process antigen. In lymphoid tissues, mature FDC play key roles in organising the 
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formation of GC. FDC interact avidly with B cells by virtue of the adhesion 

molecules ICAM-1 and VCAM-1 on the FDC, which interact with αLβ2 and α4β1 

integrins on the B cell. These physical interactions are crucial for the survival of B 

cells proliferating in the GC (Koopman, et al. 1994; Tew, et al. 2001). Therefore, the 

presence of DC expressing VCAM-1 to high levels may indicate why I observe GC 

formation as early as 5 hours post immunisation within these lymphoid tissues (see 

Section 5.4).  I also noted that distribution of APC in immunised NALT was very 

similar to that seen in naïve animals, i.e. surrounding the edge of the tissue. This 

localisation of these DC is comparable to another study which examined CD11c+ cell 

distribution early after B. bronchiseptica challenge (Gueirard, et al. 2003). Even 

though cell percentages of the APC, DC and macrophages did not change in the CLN 

of immunised mice 5 hours post immunisation, I did observe an increase in the MFI 

of MHCII on both CD11c+ and F4/80+ cells present, indicating that these cell types 

may in fact be activated.  These activated cells may have already processed antigen or 

become activated via immunomodulatory signals secreted from the NKC and 

neutrophils in the O-NALT or D-NALT, and have consequently migrated down to the 

CLN. In addition, I also observed the movement of these cells to more central areas 

within the CLN, possibly indicating the involvement of these APC in presenting 

antigen via MHC II to lymphocytes. Several studies show that LT toxin exerted 

detectable regulatory effects on DC and macrophages, altering both their surface 

phenotype and their ability to process and present protein antigens (Martin, et al. 

2002; Petrovska, et al. 2003).These observations may explain why I see increased 

activation of these cell types as early as 5 hours post immunisation. The FACS plots 

(Figure 8.1) had some diagonal smearing which may be due to the presence of dead 

cells. In order to confirm and exclude this data a live/dead marker could be added next 

time to allow this differentiation. 

 

4.2.3.2 24 hour time-point 

By 24 hours post immunisation I observed a dramatic increase in the percentages of 

NKC within the NALT when compared to naïve animals. I also again observed an 

increase in this cell population with the CLN; however the increase was not as great 

as that seen 5 hours after immunisation. Therefore, it is tempting to speculate that the 
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influx of NKC observed within the NALT may be due to migration of these DX5+ 

cells from the CLN. Neutrophils within the NALT immunised animals were again 

decreased in comparison to the percentage seen in control (PBS immunised) animals 

however, percentages seen in the CLN were back to those observed in naïve animals. 

The reduction in the Ly6G+ population within the NALT was not as significant as that 

seen at the 5 hour time-point, and this may account for the percentage observed within 

the CLN at 24 hours. It was also noted that the neutrophils present in these immunised 

animals appeared to be activated due to up regulation of the CD69 antigen. Within the 

NALT, F4/80+ cells from immunised mice had returned to those seen in naïve mice 

and DC percentages were significantly increased. The increase in these cell 

populations may be due to macrophage and DC returning from the D-NALT ready to 

present antigen, in fact the APC present in the NALT of these mice were located 

within both B and T cell areas supporting this hypothesise. As already discussed, 

NKC and major producers of IFN-γ and the influx of NKC within the CLN at both 5 

and 24 hours post immunisation may indicate why I do not see any movement of 

macrophages out of this tissue. IFN-γ can induce production of macrophage migration 

inhibitory factor which in turn can prevent macrophages from leaving the tissue. Even 

though I did not see any differences in percentages of F4/80+ cells within the CLN at 

the 24 hour time-point, I again observed a more diffuse staining pattern, again 

highlighting that those macrophages present may in fact be processing and presenting 

antigens to lymphocytes. I also observed that the macrophages and DC within the 

CLN had up regulated expression of VCAM-1. APC expressing this cell adhesion 

molecule are known to increase presentation of antigen to GC B cells and this subset 

of cells may be involved in the induction of antigen-specific humoral immune 

responses shortly after intranasal immunisation. DC populations within the CLN 

decreased within the CLN of immunised animals, including the CD11c+/MHCII+ and 

CD11c+/VCAM-1+ subset. This migration of DC may be to the spleen for further 

induction of immune responses, however as I did not examine splenocytes 

populations I can not speculate further.  
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4.2.3.3 72 hour time-point 

At the final time-point examined (i.e. 72 hours), there was a decrease in the NKC 

population within the NALT in those animals immunised, when compared to that seen 

at 24 hours after immunisation. The reduction in percentages of NKC may signal their 

movement from the CLN to other secondary lymphoid organs within the mucosal 

immune systems, as well as movement systemically. The DX5+ cells present also had 

significantly more expression of the CD69 antigen when compared to control animals. 

As already discussed, CD69 is an early marker of NKC activation, however high 

expression is still seen up to 48-72 hours after stimulus is removed. Therefore, this 

high CD69 expression on DX5+ cells may show the population of NALT NKC cells 

that were activated very shortly after intranasal immunisation, or the cells may in fact 

be a newly activated population that has migrated in from another site. In addition, 

previous work on IL-12 stimulation of NKC cells suggests that CD69 expression also 

identifies cells in a state of anergy post function, not cells that are preactivated and 

ready to function (Craston, et al. 1997). Consequently this may be another explanation 

as to why there are DX5+/CD69+ cells 72 hours after immunisation. The CLN DX5+ 

cell population were back to those percentages seen in control mice by 72 hours, with 

those cells present having no significant increase in their CD69 or CD25 expression. 

This may indicate that this cell population has returned to basal levels by 72 hours, as 

other populations are now beginning to modulate immune responses, e.g. 

lymphocytes.  I also observed a return to those percentages consistent with naïve 

animals in the Ly6G+ NALT population. As mentioned above, neutrophils are one of 

the first cell types to migrate to sites of inflammation and consequently are also one of 

the first to disappear after stimulus has been removed. This cell type only has a very 

short life-span, 6-48 hours, after their activation and this may in part explain why I no 

longer observe changes in the percentage of neutrophils within the NALT at this later 

time-point. Conversely, I did observe changes in the percentages of Ly6G+ cells with 

the CLN 72 hours after immunisation. This may simply be due to the onset delay, 

through trafficking of local NALT immune responses, to the CLN after initial 

induction within the NALT. As described for neutrophils responses within the NALT 

at 72 hours, I also no longer observed any changes in both the DC and macrophage 

populations when compared to naïve animals. Examining tissue sections of the NALT 

I did see that both populations were still in more central areas rather than surrounding 
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the periphery, which is the case in PBS immunised animals, suggesting that these 

APC are still processing and presenting antigen to lymphocytes. I also observed 

macrophages surrounding HEV, indicating the migration of this cell type from the 

NALT through the lymphatics to other lymphoid tissues for induction of further 

immune responses. The increase in number of CD11c+ DC, and F4/80+ macrophage 

cells in the CLN by 72 hours is impressive, and their position in the T and B cell areas 

might reflect their involvement in immunologic reactions taking place in this 

lymphoid tissue.  

 

4.2.3.4 Summary 

In summary, I demonstrate for the first time that intranasal immunisation with 

adjuvant and antigen results in the dramatic changes in innate cell populations within 

both the NALT and CLN. APC and neutrophil percentages decrease within the NALT 

as early as 5 hours post immunisation, and it isn’t until day 3 that levels return to 

those seen in control animals. A reduction in DC CLN percentages is not observed 

until 24 hours after immunisation, but a significant APC influx is observed by 72 

hours. Neutrophils accumulate within 5 hours in the CLN and remain present until 

day 3. Both macrophages and DC start to migrate into more central areas of these 

lymphoid tissues by 24 hours indicating their involvement in the linking of adaptive 

and innate immune responses. The innate cell population showing the most drastic 

changes in percentage are NKC. These cells migrate into the CLN first, before 

moving up to the NALT. Immunisation also results in a rapid and transient activation 

of all cells first in the NALT, and then in the CLN, highlighting the fact that the 

NALT is the first point of call for inhaled antigens. Overall the innate immune 

response after intranasal immunisation is a complicated one, with cells rapidly 

moving to and fro between both the NALT and the CLN, as well as yet undefined 

tissues. Further studies are needed to understand the functional implications of all this 

leukocyte migration early after intranasal immunisation. 
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4.3 Cell adhesion molecule expression early after intranasal 

immunisation  

4.3.1 Introduction 

4.3.1.1 Leukocyte trafficking and cell adhesion molecules 

The trafficking of immune cells in blood and lymph into secondary lymphoid tissues 

is an important part of the immune response that is required for an efficient and 

targeted response to antigenic challenge (Butcher and Picker 1996). During innate 

immune responses, inflammatory mediator such as cytokines; including IL-1β, TNF-α 

and IFN-α/β, are released in response to foreign antigens. Along with these cytokines, 

various chemokines (such as IL-8, monocytes chemoattractant proteins and 

macrophage inflammatory proteins) are released and their receptors are expressed on 

the surface of activated cells. As a result, vascular endothelial cells may alter their 

surface expression of selectins and intracellular adhesion molecules, leading to the 

extravasation and selective retention of some leukocytes at the inflamed site (Fabbri, 

et al. 1999). Leukocytes exit the blood at specialised HEV, and are regulated in part 

by multistep cascades, involving sequential leukocyte/endothelial adhesion and 

activation events (Gowans and Knight 1964). At sites of chronic inflammation, HEV-

like vessels are often induced and allow large numbers of leukocytes to emigrate from 

blood and accumulate in extra lymphoid tissues (Freemont 1987).  The first of these 

interactions causes the leukocyte to roll along the vessel wall (Bargatze, et al. 1994). 

Within seconds, the rolling leukocyte becomes firmly adherent, and the leukocyte 

transmigrates from the blood vessel to tissue (Warnock, et al. 1998; Warnock, et al. 

2000). These cascades can be tissue-specific, with much of the specificity determined 

by selective expression of adhesion molecules by endothelia in various tissues, and of 

their ligands by circulating leukocytes (Butcher, et al. 1999). There are four major 

families of cell adhesion molecules; the Ig superfamily cell adhesion molecules 

(CAMs), integrins, cadherins, and selectins. A selection of cell adhesion molecules 

and the receptors involved in each step of leukocyte extravasation to lymphoid tissues 

are listed in Table 4.2. 
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Table 4.2: Cell Adhesion Molecules and Their Receptors 

Molecule Expression/Distribution Ligand 
MAdCAM-1 HEV and DC α4β7 integrin 
PNAd HEV L-Selectin 
ICAM-1 (CD54) Monocytes; Endothelial 

cells; DC; Fibroblasts; 
Epithelium; Synovial cells 
and T lymphocytes 

αLβ2 integrin (LFA-1, 
CD11/CD18) 

VCAM-1 (CD106) Monocytes; DC; Synovial 
cells and Activated 
Endothelial cells  

α4β1 integrin (VLA-4) 

 

4.3.1.2 Cell adhesion molecule expression in the NALT and CLN 

As already discussed, the murine NALT and CLN are involved in the generation of 
local immune responses within the upper respiratory tract. Previous intranasal 
immunisation studies have shown that the CLN drain the NALT, and therefore for this 
present study cell adhesion molecule expression will be examined in the both these 
upper respiratory tract lymphoid tissues to determine expression profiles. All NALT 
HEV express PNAd, either associated with MAdCAM-1 or alone, while NALT FDC 
express both MAdCAM-1 and VCAM-1. Interestingly, these expression profiles are 
distinct from those of the gut mucosal inductive site PP, where predominately 
MAdCAM-1-α4β7 interactions mediate leukocyte homing (Csencsits, et al. 1999; 
Csencsits, et al. 2002). Intracellular adhesion molecule-1 (ICAM-1) expression within 
the NALT, and the epithelium overlying the NALT, has been shown to be 
constitutively low in naïve mice (Hussain, et al. 2001). Within the CLN, HEV also 
utilise PNAd-L-selectin interactions and MAdCAM-1-α4β7 interactions for leukocyte 
binding, although not all HEV express MAdCAM-1 (Csencsits, et al. 2002; Wolvers, 
et al. 1999). ICAM-1 is also constitutively expressed at low to moderate levels on 
HEV of LNs, and all other vascular endothelium. In the CLN, staining for diffuse 
MAdCAM-1 is found to correlate with the expression of MAdCAM-1 on its HEV, 
and is located within the follicular stromal elements. The CLN also displays diffuse 
staining of VCAM-1 and ICAM-1 within its follicles. Evidence from  cell ligand 
blocking experiments and the Stamper-Woodruff ex vivo binding assays, indicates that 
PNAd-L-selectin interactions mediate the majority of naive-leukocyte binding in both 
the NALT and CLN, with lesser roles for MAdCAM-1-α4β7 and VCAM-1-α4β1 
interactions (Csencsits, et al. 2002). 
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4.3.2 Results  

4.3.2.1 Intranasal immunisation increases both expression and distribution of 

cell adhesion molecules at early time-points in the NALT and CLN. 

In order to identify the cell adhesion molecule expression profile early after intranasal 

immunisation, serial frozen NALT and CLN sections of control (naïve) and 

immunised (LT + Ag85B-ESAT6) mice were investigated for the distribution and 

expression of MAdCAM-1, PNAd, ICAM-1 and VCAM-1 at 5, 24 and 72 hours. As 

described in previous studies for the NALT and CLN, the HEV of naïve (PBS 

immunised) mice were found to express both MAdCAM and PNAd (Figures 4.8A 

and 4.8B). However, no diffuse MAdCAM-1 expression was observed in either the 

NALT or CLN (Figure 4.8A). ICAM-1 was observed mainly in the vascular 

endothelium, and weak expression of ICAM-1 was also shown around micro-vessels 

as well as on the surface of some cells in the NALT (Figure 4.8C), whereas ICAM-1 

expression was found to be restricted to HEV and microvessels in the CLN (Figure 

4.8C). Weak diffuse VCAM-1 expression was observed in the NALT and was 

localised on the surface of cells as well as around blood vessels, but not on HEV 

within the NALT of naïve animals (Figure 4.8D). Within CLN, VCAM-1 was 

observed on venular endothelium, vessels, and in addition on cells within this tissue 

(Figures 4.8D). After intranasal immunisation, I visually observed a greater intensity 

of MAdCAM-1 expression, which was mainly located on the vascular endothelium of 

HEV, and was higher than that seen in naïve animals in both the NALT and CLN at 

all time-points (Figure 4.8A). In addition to venular endothelium, MAdCAM-1 was 

also shown on the surface of infiltrating cells in the inflamed tissues after only 5 hours 

in the NALT (Figure 4.8A). All immunised mice were found to have some degree of 

diffuse MAdCAM-1 staining at all time-points tested within the CLN (Figure 4.8A). 

An increase in both PNAd expression and the number of HEV expressing this cell 

adhesion molecule was seen in the NALT of mice as early as 5 hours after intranasal 

immunisation (Figure 4.8B). This expression profile was still present at 24 hours, 

although by day 3 (72 hours) expression levels of PNAd were back down to that seen 

in naïve animals (Figure 4.8B). Expression of this addressin in the CLN was also 

found to have a similar profile to that seen in the NALT (Figure 4.8B). In intranasally 

immunised mice, higher expression of ICAM-1 was observed on HEV, micro-vessels, 
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and on the surface of cells within the NALT (Figure 4.8C). The pattern of diffuse 

ICAM-1 staining was also more widespread and of greater intensity than that seen in 

naïve animals at both 24 and 72 hours in this tissue (Figure 4.8C). Expression of 

ICAM-1 was also up-regulated in the CLN following immunisation, on both vascular 

endothelium, and with extension to many cell surfaces within CLN at all time-points 

examined (Figure 4.8C). As with ICAM-1 expression, VCAM-1 was also observed to 

be more intense and widespread on HEV, blood vessels and cells in the NALT of 

immunised mice (Figure 4.8D). Intranasal immunisation also increased VCAM-1 

expression and distribution in CLN, especially at 24 hours (Figure 4.8D). Expression 

of this cell adhesion molecule was also more widely distributed at both 5 hours and 72 

hours within the CLN, however levels of expression were only moderately increased 

at the 72 hour time-point when compared to naïve animals (Figure 4.8D).   
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Figure 4.8: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation. 

Figure 4.8A represents staining of frozen sections for MAdCAM-1 in the NALT and CLN, 5, 24 and 

72 hours post immunisation with LT + Ag85B-ESAT6 in Balb/c mice. Double immunolabeling of cell 

nuclei by Hoechst (blue) and MAdCAM-1 (red). White arrows and letters indicate particular structures 

i.e. HEV, MV (micro-vessel/blood vessel) and C (cells). There was no staining using isotype control 

mAb (not depicted). Magnification = 28.   
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Figure 4.8: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation. 

Figure 4.8B represents staining of frozen sections for PNAd in the NALT and CLN, 5, 24 and 72 hours 

post immunisation with LT + Ag85B-ESAT6 in Balb/c mice. Double immunolabeling of cell nuclei by 

Hoechst (blue) and PNAd (red). White arrows and letters indicate particular structures i.e. HEV, MV 

(micro-vessel/blood vessel) and C (cells). There was no staining using isotype control mAb (not 

depicted). Magnification = 28.   
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Figure 4.8: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation. 

Figure 4.8C represents staining of frozen sections for ICAM-1 in the NALT and CLN, 5, 24 and 72 

hours post immunisation with LT + Ag85B-ESAT6 in Balb/c mice. Double immunolabeling of cell 

nuclei by Hoechst (blue) and ICAM-1 (red). White arrows and letters indicate particular structures i.e. 

HEV, MV (micro-vessel/blood vessel) and C (cells). There was no staining using isotype control mAb 

(not depicted). Magnification = 28.   
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Figure 4.8: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation. 

Figure 4.8D represents staining of frozen sections for VCAM-1 in the NALT and CLN, 5, 24 and 72 

hours post immunisation with LT + Ag85B-ESAT6 in Balb/c mice. Double immunolabeling of cell 

nuclei by Hoechst (blue) and VCAM-1 (red). White arrows and letters indicate particular structures i.e. 

HEV, MV (micro-vessel/blood vessel) and C (cells). There was no staining using isotype control mAb 

(not depicted). Magnification = 28.   
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4.3.3 Discussion 

The impact of immunisation on the expression of mucosal homing receptors on 

circulating immune cells, as well as MAdCAM-1 expression on endothelium, has 

been rather well studied, particularly with regards to the gut (Kantele, et al. 2005; 

Kantele, et al. 1999; Lindholm, et al. 2004; Quiding-Jarbrink, et al. 1997; Rydstrom 

and Wick 2007). The migration of antigen-sensitised cells is preferentially determined 

by the concurrent expression of homing-specific adhesion molecules in the tissue 

endothelium, and the specific receptors (integrins) expressed on the activated 

lymphoid cells. Oral (intestinal) mucosal exposure to antigen seems to stimulate 

expression of α4β7 integrins, and intranasal immunisation has been shown to induce 

expression of L-selectin as well as α4β7 integrins (Quiding-Jarbrink, et al. 1997). 

However, it is still unknown whether this homing of specific cells is mediated by 

altered cell adhesion molecule expression after intranasal vaccination in the upper 

respiratory tract lymphoid tissues (i.e. NALT and CLN). In this present study I show 

that cell adhesion molecule expression of MAdCAM-1, PNAd, ICAM-1 and VCAM-

1 is both increased, and more widely distributed, early after intranasal immunisation 

in both the NALT and CLN. 

 

It has been demonstrated that both NALT and CLN express MAdCAM-1 and PNAd 

on their HEV (Csencsits, et al. 1999; Csencsits, et al. 2002). I observed expression of 

both these addressins on HEV in naïve mice confirming these previous studies. In 

addition, I found that as early as 5 hours post intranasal immunisation, expression of 

MAdCAM-1 and PNAd was further upregulated on HEV in both tissues. The changes 

in CAM expression between naïve and immunised mice was by visual assessment 

only. This increased MAdCAM-1 expression is similar to that observed in other 

studies after either oral immunisation or challenge in the gut mucosa (Lindholm, et al. 

2004; Quiding-Jarbrink, et al. 1997; Rydstrom and Wick 2007). Significant induction 

of PNAd also takes place during gut inflammation, allowing the entrance of 

leukocytes to inflamed mucosal sites (Salmi, et al. 1994; Salmi, et al. 1993). It is 

likely that the increased MAdCAM-1 and PNAd expression in the respiratory mucosa 

after immunisation is one of the mechanisms controlling the recruitment of leukocytes 

to the site of inflammation. This is supported by studies that show expression of the 

homing receptors α4β7 and L-selectin on leukocytes that are found in both the NALT 
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and CLN (Csencsits, et al. 2002). The presence of MAdCAM-1 staining within the 

NALT and CLN may suggest a mechanism for the entrance of intestinal leukocytes, 

which have been shown to preferentially express α4β7 and enter lymphoid tissues 

primarily through MADCAM-1-α4β7 interactions (Bargatze, et al. 1995; Streeter, et 

al. 1988). Though the HEV of the NALT and CLN do express MAdCAM-1, most cell 

binding, as well as short- and long-term leukocyte homing, appears to be mediated 

through PNAd-L-selectin interactions (Csencsits, et al. 1999). In this present study I 

also observed that expression of PNAd is more abundant than MAdCAM-1 on HEV 

in both the NALT and CLN (particularly in CLN) of both naïve and immunised mice, 

again highlighting the importance of peripheral addressins in leukocyte trafficking to 

and from the nasal passages and LNs. As well as MAdCAM-1 expression on HEV, 

diffuse staining was also observed in both the NALT and CLN after intranasal 

immunisation. This expression appears to be on the surface cells and may be on 

infiltrating immune cells, or on existing cell populations within these lymphoid 

tissues. This diffuse MAdCAM-1 staining has been observed previously in both the 

NALT and CLN within B cell areas, as well as on FDC in the NALT. The fact that 

this diffuse MAdCAM-1 staining was only observed after intranasal immunisation 

supports other studies that have shown that addressin expression by interfollicular DC 

and macrophages is important in leukocyte recruitment and retention in LNs (Szabo, 

et al. 1997). 

 

In addition to MAdCAM-1 and PNAd, I observed that both ICAM-1 and VCAM-1 

were constitutively expressed in the normal NALT and CLN, supporting the findings 

of previous studies (Csencsits, et al. 1999; Csencsits, et al. 2002; Hussain, et al. 

2001). I also found that expression was dramatically induced, following intranasal 

immunisation, on both vascular endothelium and cell surfaces. Other studies have also 

shown that upon inflammatory stimuli, both ICAM-1 and VCAM-1 become strongly 

up-regulated on endothelial cell lines (up to 40-fold), and are found in increased levels 

in a variety of inflamed tissues (Dustin, et al. 1986; Henninger, et al. 1997; Meager 

1999). Leukocytes migrating into sites of both mucosal and systemic inflammation 

are also found to express the αLβ2 and α4β1 integrins that direct adherence to 

endothelial cells expressing ICAM-1 and VCAM-1, respectively (Engelhardt, et al. 

1994; Steffen, et al. 1996). It therefore appears that leukocyte trafficking, after 
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intranasal immunisation, to both the NALT and CLN may also depend on the 

interactions of αLβ2 and α4β1 cells with vascular ICAM-1 and/or VCAM-1 in addition 

to MAdCAM-1 and PNAd. It is interesting to note that the same molecules, i.e. 

ICAM-1 and VCAM-1, are involved in trafficking in the genitor-urinary tract, which 

may explain why high levels of antigen-specific immune responses are induced in the 

genital tract after nasal immunisation (Perry, et al. 1998). In addition to ICAM-

1/VCAM-1 staining on vascular endothelium, I also observed diffuse staining on the 

surface of cells, particularly after intranasal immunisation in both the NALT and 

CLN. The adhesion molecules ICAM-1 and VCAM-1 are expressed basally at low 

levels on the surface of macrophages and DC, and can be induced to high levels after 

antigenic stimulation (Colic and Drabek 1991; Perretti, et al. 1996; Rice, et al. 1991; 

Yasukawa, et al. 1997). It has been suggested that leukocytes migrate, within tonsils 

in humans and NALT in rodents, via B cells binding directly to FDC through 

α4β1/VCAM-1 and αLβ2/ICAM-1 interactions. This prevents apoptosis of B cells and 

is thus crucial for their fate (Csencsits, et al. 1999; Koopman, et al. 1994; Koopman, 

et al. 1991). A similar adhesion mechanism using α4β1/VCAM-1 interactions has been 

demonstrated to be involved in the migration of T cells into GC, and this may play a 

role in B cell retention within GC (Schriever, et al. 1997). In fact, increased 

expression of VCAM-1 on FDC has been found to coincide with GC formation in 

both the spleen and peripheral LNs (Balogh, et al. 2002). However, VCAM-1, as a 

counter-receptor for both α4β1 and α4β7 heterodimers, suggests that the α4β7 leukocytes 

might also bind in GC through this route as well (Ruegg, et al. 1992). Interaction of 

αLβ2/ICAM-1 also facilitates membrane antigen recognition by B cells (Carrasco, et 

al. 2004). In addition, ICAM-1 binding to αLβ2 on T cells also forms part of the stable 

T cell-APC immunological synapse, which is essential for antigen presentation 

(Dustin and Shaw 1999; Monks, et al. 1998). This increased expression of VCAM-1 

and ICAM-1 on the surface of leukocytes indicates a possible role in early recruitment 

and retention of immune cells, enabling increased antigen presentation, and the 

consequent induction of antigen specific immune responses in the NALT and CLN 

after intranasal immunisation.  
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Finally, our results indicate that there are differences in the kinetics of cell adhesion 

molecule expression early after intranasal immunisation. This data presents interesting 

implications for the complex nature of immune cell trafficking in both the NALT and 

CLN and the induction of immune responses. Based on what is known about the role 

of these ligands and leukocyte receptors in leukocyte extravasation, I expect that 

induction of the addressins precedes cell entry into both the NALT and CLN. 

However, as early as 5 hours post intranasal immunisation I could not separate the 

onset of cell influx with the induction of cell adhesion molecules, suggesting that 

these two events are very closely linked. In fact, it has been shown that soluble factors 

released by activated macrophages or lymphocytes may regulate PNAd and 

MAdCAM-1 expression on HEV in LNs (Hendriks, et al. 1987; Hendriks and 

Eestermans 1983; Mebius, et al. 1993; Panes and Granger 1998). Similarly, VCAM-1 

expression on endothelial cells is induced by several inflammatory factors (Aplin, et 

al. 1998; Aplin, et al. 1999; Hanada and Yoshimura 2002). With these points in mind, 

it is notable that I observed increased expression of MAdCAM-1 and VCAM-1 as 

early as 5 hours in the NALT, but this was not seen in the CLN until 24 hours post 

immunisation. This may be due, in part, to the earlier activation of leukocytes in the 

NALT, the site of antigen administration, before these cells drain into the CLN, 

therefore inducing immune responses slightly later. In addition, the low frequency of 

L-selectin ligand (PNAd)-expressing vessels 72 hours after intranasal immunisation 

suggests the possibility that other adhesion molecules, including MAdCAM-1, 

ICAM-1 and VCAM-1, could mediate later stages of the inflammation. These results 

are similar to studies performed using the radiolabeled mAb technique, which have 

revealed that inflammatory stimuli (e.g., cytokines, endotoxin) elicit a time-dependent 

increase in the expression of all endothelial CAMs in different tissues of the digestive 

system (Eppihimer, et al. 1996; Henninger, et al. 1997; Panes and Granger 1998).  

 

The work presented here suggests that the recruitment and retention of immune cells 

early after intranasal immunisation relies in part on modulation of expression of the 

cell adhesion molecules; PNAd, MAdCAM-1, ICAM-1 and VCAM-1. The expression 

profile observed indicates the complex nature of leukocyte trafficking after intranasal 

administration of antigen, and may provide insights into strategies to regulate effector 

cell populations after mucosal vaccination.  
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4.4 Germinal centre formation early after intranasal immunisation 

4.4.1 Introduction 

After antigen challenge, GC are formed within the secondary lymphoid organs (LNs, 

PP, spleen or tonsils/NALT). GC are the site where B cells proliferate and 

differentiate into Ig-producing plasma cells, generate high-affinity antigen-specific B-

cell receptors by affinity maturation, and differentiate into memory cells (Kelsoe 

1996; Kosco-Vilbois, et al. 1997a; Kosco-Vilbois, et al. 1997b; Thorbecke, et al. 

1994). The major cell populations encountered in GC are centroblasts and centrocytes, 

B cells that can be labelled with peanut agglutinin (PNA) (Rose, et al. 1980). Within 

GC, PNA+ centrocytes are associated with FDC and T cells (Kosco-Vilbois, et al. 

1997b). These FDC retain native antigen and present it to centrocytes, resulting in 

selection and activation of antigen-specific B cells with high-affinity Ig receptors. 

Outside the GC, B cells with receptors of high affinity differentiate to plasma cells or 

memory cells (Kelsoe 1996).  

 

4.4.2 Results 

To assess the formation of GC occurring in situ early after intranasal immunisation, 

cryosections were prepared from both the NALT and CLN, 5, 24 and 72 hours post 

immunisation. As early as 5 hours post intranasal immunisation, GC were seen in 

both the NALT and CLN of immunised mice and were still present at completion of 

the experiment on day 3, as indicated by PNA-binding cells (in red), which are 

representative of GC B cells (Figure 4.9). At the 5 hour time-point, at least 1 GC was 

seen per CLN/NALT, whereas those from unvaccinated animals displayed minimally 

reactive or no GC (Figures 4.9). By 24 hours, vaccinated animals contained a larger 

number of expanded GC (approximately 2 per tissue) in both lymphoid tissues 

(Figures 4.9). Finally, 3 days after intranasal immunisation GC were still found to be 

present, both in larger size and number (3 per NALT and 3-4 per CLN) (Figures 4.9).  
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Figure 4.9: Immunofluorescence evaluation of GC in both CLN and NALT from immunised 

Balb/c mice. 

Balb/c mice were immunised with either PBS (naïve) or 1µg LT + 25µg Ag85B-ESAT6. Figure 4.9 

reveals the presence of GC in the NALT and the CLN of immunised mice at 5, 24 and 72 hours post 

intranasal immunisation. Triple immunolabeling of B220-positive cells (green), PNA binding cells 

(red) and cell nuclei by Hoechst (blue) is shown for all images. White arrows indicate GC, or lack of in 

naïve animals. There was no staining using isotype control mAb (not depicted). Magnification = 28.   
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4.4.3 Discussion 

Antigenic stimulation induces the formation of GC in lymphoid tissue. GC represent 

critical sites within organised lymphoid tissues, in which B cell responses to antigen 

are amplified and refined in specificity (Guzman-Rojas, et al. 2002). Mucosal but not 

peripheral, B cells are driven into GC through interaction of innate immune receptors 

with microbial antigens independent of B cell receptor specificity. This process 

requires T cells, and recruitment depends on innate immune mechanisms (Casola, et 

al. 2004). In this present study, I observed the formation of PNA+B220+ cells within B 

cell areas as early as 5 hours post intranasal immunisation. These GC continued to 

grow and expand in size and number up until the end of the experiment (72 hours) in 

both the NALT and CLN. This provides direct evidence for the induction of a regional 

response as GC reactions were induced in both these lymphoid tissues following 

immunisation. Previous studies have also shown GC formation in the NALT and 

CLN, but not until 3 days or later after intranasal immunisation or challenge 

(Asakura, et al. 1998; Eriksson, et al. 2004; Shimoda, et al. 2001; Zuercher, et al. 

2002). However, Savransky et al have shown GC formation as early as 6 hours post 

intranasal immunisation with the Staphylococcal Enterotoxin B in the both the lungs 

and the spleen (Savransky, et al. 2003). In addition, 72 hours post immunisation, the 

PNA+ cells appeared to be moving away from the B cell areas, particularly within the 

NALT. Previous studies have shown that more B cells expressing switched transcripts 

are actually found outside GC, before seeding to other mucosal areas (Kelsoe 1996). 

This suggests that maturing and differentiating plasma cells are already moving away 

from B cell follicles at this time-point. The B7 molecules present on APC and B cells 

play a critical role in both isotype switching and the formation of GC (Han, et al. 

1995). Previous studies have shown that in vivo adjuvant properties of LT appeared to 

be mediated by both B7-1 and B7-2, possibly explaining why I see development of 

GC at these early time-points (Martin, et al. 2002; Petrovska, et al. 2003). Formation 

of these GC in both the NALT and the CLN highlights the possible mechanisms 

responsible for induction of humoral immunity following intranasal immunisation. 
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4.5 Summary discussion 

The work presented in this chapter provides insights into the complex nature of innate 

immune responses induced following intranasal immunisation within the upper 

respiratory tract.  I show that a significant influx and efflux of cells occurs in both the 

NALT and CLN as early as 5 hour post immunisation, which correlates with the 

increased expression of cell adhesion molecules also at this time. Examination of a 

number of activation markers indicates that the innate cell types examined (i.e. DC, 

macrophages, NKC and neutrophils) are stimulated. These activated cells may be 

releasing pro-inflammatory cytokines that are enabling vascular endothelial cells to 

increase their expression of adhesion molecules such as PNAd, MAdCAM-1, ICAM-

1 and VCAM-1. In addition, antigen-derived stimuli combined with host cell factors, 

such as cytokines and chemokines, may recruit and activate additional cells. 

Macrophages, DC, neutrophils and NKC are probably part of the first wave of direct 

responders, since I observed increases and decreases of these cell populations as early 

as 5 hours within the NALT and CLN. Leukocyte homing to both normal tissues and 

sites of inflammation is, in part, regulated by differential expression of cell surface 

homing receptors and their selective interactions with tissue selective vascular 

adhesion molecules at sites of leukocyte recruitment. The differential expression of 

these cell adhesion molecules shortly after intranasal immunisation may be consistent 

with the homing of leukocytes into and from both the NALT and CLN from various 

sites in a time-dependent manner. In order to characterise this migration more fully I 

can examine the specific integrins on the cells present in these tissues to determine 

their origin. Leukocytes present in both the NALT and CLN were found to move from 

peripheral areas into B and T cell areas after intranasal immunisation, suggesting their 

involvement in the initiation of adaptive immune cell responses; this was especially 

true for both DC and macrophages. Increased expression of MHC II and movement of 

these cell types into parafollicular regions within the NALT and CLN suggests their 

interaction with CD4+ TH cells. In addition, I observed increased expression of 

VCAM-1 and ICAM-1 on APC cells, which may correlate with the generation of GC 

within both lymphoid tissues and subsequent antigen-specific antibody responses.  

Antigen administered intranasally would not be expected to persist for very long as 

uptake by APC would result in its rapid breakdown ready for presentation to T cells. 

In fact, when I probed both the NALT and CLN with mAb against ESAT-6 I did not 
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observe any protein within the tissues as early as 5 hours, therefore supporting this 

hypothesis.  

 

As already postulated in the Chapters 3, the differences observed in immune 

responses between animals immunised with adjuvant alone or adjuvant plus antigen 

may be down to the differences in the amount of antigen the mouse is receiving rather 

than a modulating effect by the model antigen (i.e. 1µg LT compared to 1µg LT plus 

25µg Ag85B-ESAT6). These data suggest that the variation in innate responses we 

observe in mice immunised with adjuvant alone compared to those animals receiving 

adjuvant plus antigen may, to some extent, be influenced by the differential 

amplification of early innate factors through antigen dose. As already discussed the 

adjuvant LT is known to modulate innate responses, particular through its interaction 

and activation of professional APC. However, we cannot exclude the possibility that 

the fusion antigen is also modulating these early immune responses. Recently, 

Latchumanan and colleagues observed that when bone marrow cells are incubated 

with either Ag85B or ESAT-6 they differentiate into DC-like APC, with high 

expression of surface MHC and co-stimulatory molecules (Latchumanan, et al. 2005; 

Latchumanan, et al. 2002). In addition, Olsen et al have shown that ESAT-6 can 

induce the production of IFN-γ from bovine NKC with the response mediated through 

stimulation of APC (Olsen, et al. 2005). This indicates that both proteins may actually 

have adjuvant properties similar to those seen in LT. Ouhara et al, have reported that 

the outer membrane protein 100 of Actinobacillus actinomycetemcomitans binds to 

fibronectin inducing antimicrobial peptides production via the MAP kinase pathway 

(Ouhara, et al. 2006). As already discussed, Ag85B has previously been shown to 

bind selectively to fibronectin. It is tempting to speculate that Ag85B may also induce 

antimicrobial peptide production through fibronectin binding interactions. 

Antimicrobial peptides are important components of innate immune defence. They 

exhibit large cationic patches on their molecular surface which enables them to 

depolarise and/or pierce bacterial cell membranes. In addition to their innate 

antibacterial role, they have been demonstrated to have a number of 

immunomodulatory functions, including the ability to alter host gene expression, act 

as chemokines and/or induce chemokine production, promote wound healing, and 

modulate the responses of DC and lymphocytes (reviewed in (Hancock and Sahl 

2006). This work suggests that if Ag85B could promote antimicrobial peptide 
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production through fibronectin binding and both Ag85B and ESAT6 can activate DC, 

then it is possible that the fusion protein is also modulating innate immune responses 

along with LT. However, as already discussed ESAT-6 may also attenuate the innate 

immune response by dampening production of IL-12p40, TNF-α and NO (Stanley, et 

al. 2003). In addition some very recent work has shown that ESAT-6 inhibits 

activation of transcription factor NF-κB and interferon regulatory factors (IRFs) after 

TLR signaling (Pathak, et al. 2007). Hence, it may be the differences we are seeing in 

early immune responses in those animals receiving adjuvant and the fusion protein is 

actually a direct result of the dampening down of TLR induced innate immune 

responses. These data therefore provide some other possible elucidations as to why we 

see variations in early immune responses between adjuvant and adjuvant plus antigen 

immunised mice.  

 

It is hoped that this current research will provide new insights into the function of 

upper respiratory tract mucosal tissues and the interplay of innate and adaptive 

immune responses that results in immune protection at mucosal surfaces. 

Characterisation of these innate immune response mechanisms involved early after 

intranasal immunisation may help clarify the concepts and provide the tools that are 

needed to exploit the full potential of mucosal vaccines 
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5 Natural killer cell depletion influences antigen specific 

cytokine and antibody responses after intranasal 

immunisation 

5.1 Introduction 

NKC, a component of the innate immune system, mediate cellular cytotoxicity and 

produce chemokines and inflammatory cytokines, such as IFN-γ and TNF-α (Anegon, 

et al. 1988; Arase, et al. 1995; Arase, et al. 1996; Kim, et al. 2000; Kim and 

Yokoyama 1998; Ortaldo and Young 2003; Trinchieri 1989). They are an important 

constituent of innate resistance to viruses, bacteria and certain parasites as well as 

providing immune surveillance against the development of tumours (Biron, et al. 

1989; French and Yokoyama 2003; Karre, et al. 1986; Lieke, et al. 2006; Lodoen and 

Lanier 2006; Roetynck, et al. 2006; Schafer and Eisenstein 1992; Storkus, et al. 1989; 

Yang, et al. 2006). NKC also interface with adaptive immunity by stimulating DC and 

by promoting T cell responses. NKC are bone marrow-derived granular lymphocytes, 

distinct from T and B cells that are widespread throughout the body being present in 

both lymphoid organs and non-lymphoid peripheral tissues. For a comprehensive 

review see (Hamerman, et al. 2005). NKC express a range of distinct receptors on 

their surface that are involved in recognising and responding to pathogens. There are 

two general types of NKC receptors, i.e., inhibitory and activation receptors (Lanier 

1998). NKC express inhibitory receptors that monitor for normal expression of host 

proteins, and their function underpins the ‘missing self’ hypothesis. The best 

characterised are those receptors that bind classical and non-classical MHC class I, the 

expression of which is often targeted by pathogens or malignancies to subvert 

immune responses by T cells (Lanier 2005). The term ‘NKC activating receptor’ 

generally refers to those receptors that trigger release of cytolytic granules and 

typically induce cytokine production. Cellular ligands for NKC activating receptors 

are normally absent on healthy cells, but can be induced in response to cellular stress, 

such as infection. In addition, NKC express receptors that are a form of pathogen-

associated pattern recognition system. The mouse Ly49H NKC receptor has been 

found to bind to a product m157 of mouse cytomegalovirus (MCMV), and activation 

through these receptor ligand interactions enable NKC cells to limit early-stages of 
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MCMV infection and to undergo considerable proliferation (Arase, et al. 2002; Smith, 

et al. 2002). NKC have also been reported to express most of the known Toll-like 

receptors (TLR), including TLR3, TLR5 and TLR9. However, the role and the 

expression pattern of TLR on NKC has not been well characterised (Yokoyama and 

Scalzo 2002). Activated NKC exhibit rapid secretion of several cytokines, including 

IFN- γ, as well as other immunoregulatory mediators, including TGF-β, TNF-α, TNF-

β, granulocyte-macrophage colony stimulating factor (GM-CSF), macrophage 

inflammatory protein (MIP)-1α, IL-1, IL-2, IL-3, IL-5, IL-8 and IL-10 (Biron 1997; 

Scharton-Kersten and Sher 1997; Warren, et al. 1995). Additionally, infected or 

activated macrophages and DC produce cytokines and chemokines such as IFN-α/β, 

IL-12, IL-15 and IL-18 that stimulate NKC to rapidly produce other cytokines 

(Andrews, et al. 2005; Biron, et al. 1999; Walzer, et al. 2005; Zitvogel, et al. 2006). 

Recent work suggests that crosstalk between DC and NKC may influence the adaptive 

immune response (Ferlazzo, et al. 2003; Kalinski, et al. 2005; Walzer, et al. 2005; 

Zitvogel, et al. 2006). Activation of NKC in vivo may be in part due to receptor-ligand 

interactions with DC, as well as DC-derived cytokines. Communication between these 

two cell types is not just unidirectional, as NKC can also stimulate maturation of DC 

by up-regulation of MHC complexes and co-stimulatory molecules, and therefore may 

represent a key mechanism to bridge NKC response to the stimulation of T cell 

responses (see Figure 5.1) (Raulet 2004).  
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Figure 5.1: Crosstalk between NKC and DC. 

NKC and DC have the ability to reciprocally activate one-another, both in vitro and in vivo. This 

crosstalk includes cell contact involving unknown receptor-ligand pairs and soluble mediators 

produced by the two cells. The cytokines, TNF-α, IL-2, IL-12, IL-18 and IFNs, have all been 

implicated in this process. The end result of these interactions is NKC activated for cytotoxicity, IFNγ 

production, and proliferation, and DC that have matured and are capable of cytokine production and T 

cell activation (Hamerman, et al. 2005). 

 

Evidence from a number of studies have also suggested that rapid IFN-γ production 

by NKC may affect the characteristics of antigen-specific immune response, 

particularly by promoting TH1 polarisation (Fearon and Locksley 1996; Korsgren, et 

al. 1999; Martin-Fontecha, et al. 2004; McKnight, et al. 1994; O'Leary, et al. 2006; 

Romagnani 1992; Scharton-Kersten and Scott 1995; Scharton and Scott 1993; Wang, 

et al. 1998). Collectively these data have led to a broadly based consensus that early 

NKC responses may have a profound effect on later adaptive immune responses. 

However, little is know about the role of NKC in induction of immune responses after 

mucosal administration of antigen. Previously I have shown that NKC are the most 

abundant innate cell type recruited to both the NALT and CLN early after intranasal 

immunisation. These DX5+ cells were observed to express high levels of the markers 

CD69 and CD25, suggesting that these NKC were also activated. Given this influx of 

NKC post intranasal immunisation, I hypothesised that these innate immune cells may 
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be involved in processes that lead to antigen-specific immune responses, i.e. adaptive 

immunity. Specifically, this study examines whether NKC depleted mice have 

differences in both antigen-specific B and T cells responses through examination of 

antibody subtypes, their titres and cytokine production, when compared to control 

animals.  

 

5.2 Results 

5.2.1 Anti-Asialo GM1 treatment successfully depletes Balb/c mice of 

NKC  

In order to study the effects of NKC on the induction of antigen-specific immune 

responses I employed chronic administration of polyclonal anti-asialo GM1 antibody 

to Balb/c mice. Virtually all murine NKC express this marker and, as widely 

demonstrated, this approach effectively depletes functional and phenotypic NKC 

activity in vivo (Yu, et al. 1992). In addition, this antibody does not activate NKC 

when binding. Controls were treated with an equivalent concentration of normal 

rabbit IgG. NKC depletion was effective as shown by histogram plots of DX5+ cells 

within the spleens, CLN and NALT of antibody depleted and control mice (Figure 

5.2A, B and C). This marker is also expressed at low levels on murine macrophages 

and NK T cells, so in order to make sure these cell types were not being reduced I 

examined the percentages of F4/80+ cells and αβTCR+/DX5+ cells within spleens of 

naive mice. I did not observe any significant reduction (p > 0.05) in these cells types 

in depleted mice when compared to control animals (Figure 5.3). To ensure NKC 

depletion, antibody treatment was given at 3-4 day intervals, beginning 7 days before 

intranasal immunisation and continuing until sacrifice. I also selected mice from 

within each cohort at the end of the study (day 21) to confirm that NKC remained at 

undetectable levels (Figures 5.2D, E and F).  
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Figure 5.2: Impact of in vivo administration of anti-asialo GM1 on NKC percentages in Balb/c 

mice. 

Balb/c mice were treated with 50µg anti-asialo GM1 antibody or 50µg rabbit IgG antibody and spleens, 

CLN and NALT were assessed for DX5+ cells (NKC) after 2 doses of antibody (day 0) and after 8 

doses of antibody (day 21) by flow cytometry. Figure 5.2A represent naïve spleens from IgG control 

and anti-asialo GM1 depleted mice at beginning of experiment (day 0). Figure 5.2B shows the CLN 

and C represents the NALT also at beginning of experiment (day 0). Figures 5.2D-F represents naive 

spleen, CLN and NALT, but at the end of the experiment (day 21). Histogram plots represent the DX5+ 

population within each tissue and the number on the right hand side indicates the total percentages 

present. Plots shown are from five individual representative mice, and the mean values are indicated. 
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Figure 5.3: Percentages of macrophages and NKT cells in naïve normal IgG and anti-asialo GM1 

treated mice. 

Balb/c mice were treated with 50µg anti-asialo GM1 antibody or 50µg rabbit IgG antibody and spleens 

were assessed for F4/80+ macrophages cells and αβTCR+/DX5+ cells  after 2 doses of antibody by flow 

cytometry. Figure 5.3A represent percentages of F4/80+ cells from naïve spleens of IgG control and 

anti-asialo GM1 depleted mice. Figure 5.3B shows αβTCR+/DX5+ cells from naïve spleens of IgG 

control and anti-asialo GM1 treated mice. Columns represent the mean (± SD) percentages of cells 

from five animals per group. 
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5.2.2 In vivo depletion of NKC affects induction of antigen-specific 

cytokine responses 

Balb/c mice treated with anti-asialo GM1 and controls treated with an equivalent 

concentration of normal rabbit IgG were immunised with adjuvant and Ag85B-

ESAT6 to assess the intensity of TH1 and TH2 associated cytokine synthesis (IL-2, 

IFN-γ, TNF-α, IL-4 and IL-6) As shown in Figure 5.4 all immunised mice had 

significantly higher levels (p < 0.05) of each cytokine when compared to their 

controls, i.e. naïve IgG control mice compared to immunised IgG control mice and 

naïve (PBS immunised) NKC depleted mice compared to adjuvant and antigen 

immunised NKC depleted mice. When IgG control immunised mice were compared 

to anti-asialo GM1 treated immunised mice, both IL-2 and IL-4 levels were found not 

to be significantly different (p > 0.05) between these cohorts. However, IFN-γ, TNF-α 

and IL-6 were all found to be significantly lower in immunised NKC depleted mice 

when compared to IgG control immunised animals (p < 0.05), with the reduction in 

IL-6 levels being the most significant (p < 0.01 vs. p < 0.05).  
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Figure 5.4: Anti-asialo GM1 antibody treatment alters the induction of antigen-specific 

cytokines. 

Balb/c mice were treated with anti-asialo GM1 or normal rabbit IgG on days -7, -4, -2 then intranasally 

immunised with 1µg LT and 25µg Ag85B-ESAT6 or PBS on day 0. Mice were further treated ever 3-4 

days, before sacrifice on day 21 when spleens were removed for T-cell assays. Cytokine responses 

were measured upon in vitro stimulation with Ag85B-ESAT6 (5µg/mL) for 36-42 hours. Cells were 

also stimulated with conA (positive control) and RPMI+ media (negative control) (data not shown). 

Columns represent the mean (± SD) stimulation indices of splenocytes from five animals per group. 

The differences in cytokine levels between either control, or NKC depleted naïve and immunised 

animals is indicated by *, p < 0.05; and **, p < 0.01 with differences in immunised IgG control or anti-

asialo GM1 treated animals shown by †, p < 0.05 and ††, p < 0.01  using a Kruskal-Wallis test followed 

by Dunn’s Multiple Comparison test. The sensitivities of the CBA was > 1pg/mL for each cytokine. 

Blue indicates rabbit IgG control treated mice and red shows anti-asialo GM1 treated animals with 

diagonal lines and block colours representing naïve and immunised groups, respectively.  
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5.2.3 Mice depleted of NKC have reduced antigen-specific antibody 

responses 

To assess antigen-specific antibody production in both control (i.e. rabbit IgG treated 

mice) and anti-asialo GM1 treated immunised mice, I measured both LT and Ag85B-

ESAT6 specific total Ig, IgG, IgG1, IgG2a, IgG2b, IgG3, IgA, IgE and IgM levels in 

plasma using ELISA at day 14 and day 21 after intranasal immunisation. Figure 5.5A 

shows that immunised anti-asialo GM1 treated animals have a modest decrease in 

total both LT and Ag85B-ESAT6-specific Ig titres when compared to immunised 

rabbit IgG treated control animals on day 14. However, this decrease was not found to 

be significant (p > 0.05). By 21 days post immunisation, it is clear that all mice have 

made a vigorous total Ig anti-LT and anti-Ag85B-ESAT6 response, regardless of 

whether they were treated with anti-asialo GM1 or normal rabbit IgG, suggesting that 

depletion of NKC does not affect total Ig responses at this later time-point (Figure 

5.5B). 

 

I also did not observe a difference (p > 0.05) in Ag85B-ESAT6-specific IgG 

responses at either time-point between immunised rabbit IgG treated control mice or 

anti-asialo GM1 treated mice (Figure 5.5A and B). Examination of the IgG subtype 

titres, IgG1 and IgG2a, showed that NKC depleted mice were able to mount an 

apparently normal IgG1 response to Ag85B-ESAT6, whereas I could not detect serum 

IgG2a anti-Ag85B-ESAT6 (p = 0.008) above pre-immune levels throughout the 

experiment in any of the anti-asialo GM1 treated mice (Figures 5.5A and B). 

Interestingly, mice treated with anti-asialo GM1 were not able to mount a detectable 

LT-specific IgG response, including IgG1 and IgG2a (p = 0.008), 14 days after 

intranasal immunisation (Figure 5.5A). However by day 21, I did observe anti-LT IgG 

and IgG1 responses in anti-asialo GM1 treated animals, but as observed for anti-

Ag85B-ESAT6 response I did not observe any detectable IgG2a titres (p = 0.008) 

(Figure 5.5B). On day 21 after immunisation I had more serum as it was the end of 

the experiment, compared to the tail bleeds performed on day 14, therefore I decided 

to examine both antigen-specific IgG2b, IgG3, IgE, IgA and IgM responses in control 

and NKC depleted mice to further characterise the in vivo antibody responses. As with 

IgG2a responses I did not detect any anti-LT or anti-Ag85B-ESAT6 IgG2b responses 

(p = 0.008) in all of the animals treated with anti-asialo GM1 (Figure 5.5B). I 
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observed that control mice mounted both a modest IgE and IgM antigen-specific 

response after intranasal immunisation with LT and Ag85B-ESAT6 (Figure 5.5B). 

Conversely, I could not detect any anti-LT IgE and IgM responses in mice treated 

with anti-asialo GM1 (p = 0.008). Immunised control animals also had significantly 

higher (p = 0.008) IgE anti-Ag85B-ESAT6 titres compared to anti-asialo treated 

animals, though one of the five mice depleted of NKC did have detectable anti-

Ag85B-ESAT6 IgE titres (Figure 5.5B). Notably, anti-Ag85B-ESAT6 IgM responses 

did not appear to be affected by anti-asialo GM1 treatment (Figure 5.5B). I could not 

detect any serum antigen-specific IgG3 or IgA in either rabbit IgG treated, or anti-

asialo GM1 treated immunised animals (data not shown). Collectively, these data 

argue that anti-asialo GM1-mediated NKC depletion impacts the development of 

antigen specific immune response to antigens and adjuvant after intranasal 

immunisation.  
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Figure 5.5: Anti-asialo GM1 treatment influences the development of antigen-specific antibody 

responses. 

Balb/c mice were treated as described in Material and Methods (purple squares represent normal rabbit 

IgG treatment and green triangles indicate anti-asialo GM1 treatment) and intranasally immunised with 

Ag85B-ESAT6 and LT, then bled on days 14 and 21 for evaluation of primary antigen-specific total Ig, 

IgG, IgG1, IgG2a, IgE and IgM synthesis by ELISA. Figures 5.5A and B show anti-LT and anti-

Ag85B-ESAT6 titres 14 and 21 days after immunisation, respectively. Data reflect five individual mice 

per group (minus background naïve animal titres) expressed as total antibody titre using a cut off of OD 

0.3., with the black bar showing the geometric mean. Significant differences as calculated with the 

Mann-Whitney U-Test are marked with **; p = 0.008. 
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5.3 Discussion 

In this study I provide evidence that NKC, a major arm of innate immunity, 

participate in the development of antigen-specific immune responses after mucosal 

immunisation. The requirement of NKC in the induction of adaptive immunity was 

reflected by the significantly decreased production of IFN-γ, TNF-α and IL-6 in anti-

asialo GM1 treated mice when compared to IgG control animals. NKC were also 

involved in antigen–specific antibody responses, as mice depleted of NKC failed to 

mount both IgG2a and IgG2b responses. Interestingly, examination of specific 

adjuvant and antigen antibody responses gave diverse results, i.e. early (day 14) anti-

LT antibody responses lacked any specific IgG titres. However, this was not the case 

for anti-Ag85B-ESAT6 responses as I observed both IgG and IgG1 at this time-point. 

Additionally, adjuvant antibody responses at day 21 failed to elicit any detectable 

IgM, whereas this was not found for antigen antibody responses.  

 

Antibody depletion was utilised in this study for the removal of NKC as there are, as 

yet, no animal models in which NKC activities are genetically and selectively 

deficient. Most mutations inserted into mice to study the role of NKC affect the 

granules of many other cell types (e.g. CTL) and do not ablate other NKC activities 

such as cytokine production (Kim, et al. 2000). Most recently, some transgenic mice 

have been constructed that express the diphtheria toxin receptor under the control of 

the NKp46 promoter.  Addition of diphtheria toxin to these mice results in death of 

only the cells expressing the toxin receptor. However, this data is still unpublished 

and the mice are not currently available.  For in vivo depletion of NKC in Balb/c mice 

I utilised the anti-asialo GM1 antibody. This antibody has been employed in many 

previous NKC depletion experiments with effective results. However, asialo GM1 is 

also expressed at low levels on the surface of other cell types. NKC and NKT cells 

show different susceptibilities to in vivo treatment with anti-asialo GM1, possibly due 

to the difference in their expression of asialo GM1 (Sonoda, et al. 1999). By taking 

advantage of this difference, I could selectively deplete NKC without affecting NKT 

cells. Asialo GM1 is also expressed at low levels on the surface of macrophages, 

however this present study and previous ones have shown that treatment with anti-

asialo GM1 does not affect macrophage numbers or their activity (Keller, et al. 1983). 

These data therefore suggest that only NKC are being depleted in mice and that the 
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observations noted throughout the study are a direct cause by the absence of NKC and 

not any other cell type.  

 

The mechanisms by which NKC modulate adaptive immune responses are not fully 

understood. Factors that affect APC and determine the differentiation of naïve T cells 

into either TH1 (IL-2, IFN-γ, TNF-α), or TH2 (IL-4, IL-10) phenotypes and B cells 

into antibody producing cells would be expected to have an impact on the 

development of antigen specific immune responses after intranasal immunisation. 

NKC contribute to the innate immune defence through the early release of IFN-γ and 

TNF-α. Our results show that levels of IFN-γ and TNF-α from stimulated splenocytes 

were significantly lower in NKC depleted mice than in IgG control animals. These 

data indicate that NKC may be a major source of these cytokines after mucosal 

immunisation, and consequently may drive TH1 adaptive immune responses. These 

data are also consistent with other findings that show that NKC depletion reduces 

IFN-γ production after systemic administration of antigen/pathogen (Korsgren, et al. 

1999; Martin-Fontecha, et al. 2004; Sayeh, et al. 2004; Scharton and Scott 1993). As 

already discussed, NKC are also involved in crosstalk and activation of DC. TNF-α is 

also produced by activated DC, and this may also explain why I observed a significant 

decrease in production of this cytokine in anti-asialo GM1 treated animals. Studies 

have failed to detect IL-4 production from NKC, however it has been hypothesised 

that NKT cells may be an important source of IL-4 and, therefore in the development 

of TH2 type immune response. In this study I showed that NKT cells were not 

depleted in anti-asialo GM1 treated animals, possibly explaining why I did not 

observe any significant decrease in antigen-specific IL-4 production from NKC 

depleted mice. No significant reduction in IL-4 levels was also observed by Satoskar 

and colleagues in NK-T+ mice. However, they also did not detect a significant 

reduction in IFN-γ levels (Satoskar, et al. 1999). IL-6 is an important mediator of the 

immune response during acute phases of stimulation. Levels of IL-6 were 

significantly higher in non-depleted controls than in anti-asialo GM1 treated animals 

after stimulation of splenocytes by antigen. As IL-6 is a cytokine produced by 

activated macrophages and DC, these data corroborate the involvement of NKC in 

promoting APC activation (Akira and Kishimoto 1996; Banchereau, et al. 2000; 

Grohmann, et al. 2001). IL-2 is produced by T cells and enhances NKC cytotoxicity 

and cytokine production as well as inducing proliferation of activated T and B cells. 
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In this present study I did not observe any differences in IL-2 production in anti-asialo 

GM1 treated mice compared to IgG control immunised mice. Consequently it appears 

that NKC do not affect T cell proliferation, whereas they do appear to modulate 

antigen-specific cytokine production.  

 

NKC have also been shown to regulate B cell differentiation and antibody production. 

However, their role in regulating antibody secretion, both in vitro and in vivo, is 

uncertain as many studies contradict one another, some suggesting that NKC down-

regulate antibody production, others proposing that they actually enhance it (Arai, et 

al. 1983; Jensen, et al. 2004; Khater, et al. 1986; Korsgren, et al. 1999; Robles and 

Pollack 1989; Satoskar, et al. 1999; Snapper, et al. 1994; Wang, et al. 1998; Wilder, et 

al. 1996; Yuan, et al. 2004). Many different methods were utilised in these studies to 

deplete NKC and this may, in part, explain these inconsistent findings. These 

problems may be overcome if genetically modified mice with a specific deletion of 

NKC can be constructed, however this has yet to be achieved. The fact that the IgG2a 

subclass of antibody was the one most affected by anti-asialo GM1 treatment is not 

surprising, given the fact that its production is sensitive to levels of IFN-γ in the 

milieu (Finkelman, et al. 1988; Snapper and Paul 1987; Stevens, et al. 1988). IFN-γ is 

one of the cytokines secreted by NKC, and IL-2 activated NKC have been shown in 

vitro to enhance IgG2a secretion by LPS-stimulated B cells, in a manner dependent 

upon IFN-γ secretion (Amigorena, et al. 1990; Michael, et al. 1991).  In accordance 

with these observations I also noted a significant decrease in IFN-γ production from 

antigen stimulated splenocytes, and this may account for the lack of any detectable 

IgG2a titres. These results are consistent with other studies that have also shown that 

changes in IgG2a levels are NKC-dependent (Jensen, et al. 2004; Korsgren, et al. 

1999; Satoskar, et al. 1999; Wilder, et al. 1996). In relation to the effects observed on 

IgG2b concentrations in NKC-depleted mice, it has been proposed that IFN-γ also 

regulates production of IgG2b to T cell dependent antigens (Snapper and Mond 

1993). Again the significant reduction of IFN-γ observed in this present study may 

account for this disparity in IgG2b titres. I did not observe any significant differences 

in anti-Ag85B-ESAT6 IgG1 levels in anti-asialo GM1 treated animals when 

compared to control mice. This may correlate with our cytokine data, as IFN-γ has 

been shown to inhibit IgG1, whereas production of these antibody subtypes is 

supported by IL-4 (Finkelman, et al. 1988; Yoshimoto and Paul 1994). A number of 
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studies have also shown that NKC depletion does not affect antigen-specific IgG1 

responses after challenge/immunisation (Satoskar, et al. 1999; Wilder, et al. 1996). 

Animals treated with anti-asialo GM1 were not able to mount either an anti-LT or 

anti-Ag85B-ESAT6 IgE response. As already described, I also observed a significant 

reduction in IL-6 production from antigen stimulated splenocytes. In addition to IL-4, 

IL-6 is also known to modulate IgE class-switching, and a reduction in IL-6 levels 

may explain why I do not see any significant IgE titres in NKC depleted mice (Maggi, 

et al. 1989). Korsgren et al show a reduction in antigen specific IgE responses in 

NK1.1 treated mice when using a murine model of allergic asthma (Korsgren, et al. 

1999). In the immune response to a foreign protein, the first antibodies to appear are 

of the IgM class. Shaping of the secondary antibody repertoire is generated by means 

of class-switch recombination, which replaces IgM with other isotypes such as IgA, 

IgE and IgG. One reason I may not be detecting any LT-specific IgG responses at day 

14 may be that it is too early for LT specific antibody class-switching, and therefore 

the main subtype present would be IgM. Unfortunately, I did not have enough serum 

at day 14 to perform these IgM ELISAs and therefore I cannot confirm this 

hypothesis. I did perform IgM ELISAs at day 21 and found that mice treated with 

anti-asialo GM1 were found to have similar levels of anti-Ag85B-ESAT6 IgM 

compared to control animals, but undetectable anti-LT IgM levels on day 21. The 

failure of mice depleted of NKC to mount an efficient anti-LT IgM response at this 

time-point may explain why I see no anti-LT IgG responses at day 14, i.e. most IgM 

has now been class-switched to other isotypes.  

 

The differences in anti-adjuvant and anti-antigen antibody responses suggest that 

there is a mechanism of NKC involvement associated with activation events initiated 

by adjuvant. The actions of LT are multifactorial, involving both direct activation of 

various APC, as well as secondary activation via cytokine secretion (Martin, et al. 

2002; Petrovska, et al. 2003). Our findings here indicate that NKC may be implicated 

in these processes. Part of the action of the adjuvant may be to activate the NKC 

directly, or may be the stimulation of NKC through other cell types e.g. DC. In fact, 

one study has shown that LT can bind directly to asialo GM1 therefore substantiating 

the theory that these adjuvants may be inducing direct effects on NKC (Fukuta, et al. 

1988). However, further studies will have to be performed in order to substantiate 

these theories. 
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In conclusion, the present data indicate that NKC have a critical role in mucosal 

immunisation and subsequent development of adaptive immune responses. These new 

data suggest the possibility of a central role for the increased numbers of NKC 

observed in the NALT and CLN shortly after intranasal immunisation, and suggest 

that NKC activity may be one of the factors governing the development of both 

antigen-specific cytokine and antibody responses, particularly the TH1 response, after 

mucosal vaccination. 
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6 Live recombinant Salmonella vaccine candidates 

expressing the tuberculosis fusion antigen, Ag85B-ESAT6 

6.1 General introduction 

6.1.1 Live vector vaccines 

Effective mucosal immunity is efficiently induced by mucosal delivery of vaccines, 

due to the specialised and interlinked nature of the mucosal lymphoid tissues. 

Different strategies can be used to deliver vaccine antigens via the mucosal route, 

with living attenuated bacterial vaccines being among the most promising candidates. 

Broadly, live bacterial vaccines can be classified as a self-limiting asymptomatic 

infection stimulating an immune response to one or more expressed antigens. 

Attenuation can be accomplished through deletion of different genes, including 

virulence, regulatory, and metabolic genes. Live bacterial vaccines avoid some of the 

downsides of parenterally administered vaccines, as they mimic the route of entry of 

many pathogens, and are therefore able to elicit effective humoral and cellular 

immune responses, at the level of both systemic and mucosal compartments. The 

vaccines can also be administered orally or nasally, which offers advantages of 

simplicity and safety compared to needle-based delivery, and reduces the need for a 

professional healthcare infra structure. Other advantages associated with using live 

attenuated bacteria as vaccine vectors include low batch preparation costs with 

increased shelf-life, and stability in the field, i.e. formulations can be lyophilised. 

Furthermore, attenuated bacterial vaccines can not only be used to induce immunity to 

their corresponding pathogenic strain, but they can also be modified to produce one or 

more heterologous antigens. For a comprehensive review see (Roland, et al. 2005). 

These bacterial vectors can be constructed to produce protein or DNA from any 

number of pathogens, as well as allergens or therapeutic agents, with the antigen 

encoding gene being located on a plasmid or integrated within the chromosome.  

However, only very few of the promising candidates have survived the licensing 

process and become registered for use in humans, indicating the difficulty in 

developing a commercial live vaccine (Table 6.1). Currently, no recombinant bacterial 

vector vaccines expressing heterologous antigens are available for general use, but 

there are a number both in pre-clinical and human trials (Table 6.2).  
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Table 6.1: Current live attenuated bacterial licensed vaccines 

Vaccine Name Route Disease Protection 
BCG i.d. or s.c. Tuberculosis 

S. Typhi Ty21a oral Typhoid Fever 
CVD 103-HgR oral Cholera 
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Table 6.2: Recombinant bacterial vector vaccine candidates 

Attenuated Bacterial 
Strain Foreign Antigen Route Test 

Species Comments Reference(s) 

L. monocytogenes HIV gp-120 oral mice in vitro delivery to CD4+ T cells via MHC II (Guzman, et al. 1998) 
E. coli CFA/I oral humans No adverse vaccination effects and strong antibody responses (Turner, et al. 2006) 

Streptococcus gordonii none i.n. + 
oral humans Strong colonisation and well tolerated (Kotloff, et al. 2005) 

S. Typhi S. sonnei surface 
antigen oral mice/humans protection in animal models and good IgA titres in volunteers (Formal, et al. 1981; Van de 

Verg, et al. 1990) 
 H. pylori urease oral humans no immune responses detected, despite boosting with LT + urease (DiPetrillo, et al. 1999) 

 hepatitis B core antigen oral humans vaccine safe and well tolerated and induced cellular immune 
responses in volunteers (Microscience 2004b) 

 LT-B and HBV-core i.n. + 
s.c. mice Immunisation of mice stimulated potent antigen-specific serum IgG 

responses to the heterologous antigens (Stratford, et al. 2005) 

 Yersinia pestis F1-V i.n. mice 2 intranasal doses induced good immune responses and protected 
over half the mice from challenge with Y. pestis (Morton, et al. 2004) 

S. Typhimurium H. pylori UreAB oral humans well tolerated and induced anti-urease immune responses in 
volunteers 

(Angelakopoulos and 
Hohmann 2000) 

 LT-B oral mice expression of LT-B seen after intra-macrophage survival and 
immunised mice mounted good anti-LT-B antibody responses (McKelvie, et al. 2004) 

 SopE-Gag oral primates good CTL responses detected after immunisation + MVA boosting, 
however viral replication was not reduced after challenge (Evans, et al. 2003) 

 ESAT6 i.v. mice high levels of antigen-specific IFN-γ, but protection lower than BCG 
vaccinated animals (Mollenkopf, et al. 2001) 

 Ag85B i.v. mice partial protection against challenge (Hess, et al. 2000) 
 HIV-1 Gag oral humans Modest anti-gag immune responses (IL-2 and IFN-γ) (Kotton, et al. 2006) 

S. flexneri 2a measles virus 
hemagglutinin i.n. rats MV titres were significantly reduced in lungs of infected animals (Pasetti, et al. 2003) 

 S. dysenteriae O-
antigens i.p. mice good protection against challenge (Klee, et al. 1997; 

Tzschaschel, et al. 1996) 

M. bovis Ag85B i.d. guinea 
pigs/humans 

vaccinated animals exposed to tuberculosis infection survived 
significantly longer than BCG vaccinated groups/ also in phase I 

human trails 

(Horwitz and Harth 2003; 
Horwitz, et al. 2000). 

 ESAT6 s.c. or 
i.p. 

mice/guinea 
pigs 

immunised animals showed better protection after challenge 
compared to BCG immunised animals and less lung pathology (Pym, et al. 2003). 



Chapter 6. Live Recombinant Salmonella vaccine candidates 184

6.1.2 Salmonella as vaccine vectors 

Attenuated derivatives of S. enterica have been proposed as vehicles for the delivery 

of heterologous antigens to the mammalian immune system, and as a basis for 

multivalent vaccines. In fact, strains of S. Typhi and S. Typhimurium were among the 

first bacterial recombinant vaccine vectors used to deliver heterologous antigens 

(Curtiss 2002). S. enterica is attractive as a delivery vehicle because strains have the 

ability to invade host tissues and persist, while continuing to produce a heterologous 

antigen(s), and vaccines can potentially be delivered via mucosal routes of 

immunisation. Immunisation with attenuated strains of Salmonella primes the host to 

produce antigen-specific immune responses, including the production of CD8+ and 

CD4+ T lymphocytes. Salmonella vaccine vectors also induce the production of 

multiple cytokines including, TNF-α, IFN-γ and IL-12, as well as pro-inflammatory 

mediators such as NO, which enhance early innate immune responses and create a 

local environment favourable to antigen presentation. All these points are considered 

to be significant advantages for the development of a mucosal vaccine.  

 

Over the years live Salmonella vector vaccines have been evaluated in numerous 

animal and human studies. Results with recombinant attenuated S. Typhimurium 

vaccines in animals suggest that recombinant attenuated S. Typhi vaccines could be 

developed to protect against viral infections caused by Hepatitis B virus (HBV), 

papillomaviruses, herpes simplex, influenza and HIV; as well as many bacterial 

pathogens including, Streptococcus pneumoniae, H. pylori, Y. pestis, human 

enterotoxigenic and E. coli strains, M. tuberculosis, L. monocytogenes, Bacillus 

anthracis, Clostridium tetani, Clostridium difficile and Bordetella pertussis (Bowen, 

et al. 1995; Corthesy-Theulaz, et al. 1998; Dalla Pozza, et al. 1998; Hess, et al. 1997; 

Hess, et al. 2000; Lasaro, et al. 2005; Nardelli-Haefliger, et al. 1997; Nayak, et al. 

1998; Stokes, et al. 2006; Stratford, et al. 2005; Tite, et al. 1990; Tsunetsugu-Yokota, 

et al. 2007; Vindurampulle, et al. 2004; Ward, et al. 1999; Yang, et al. 2007). In 

addition, some progress is being made in developing vaccines to protect against 

parasitic infections due to Plasmodium falciparium, Leishmania major, and 

Schistosoma mansoni (Gomez-Duarte, et al. 2001; Pacheco, et al. 2005; Xu, et al. 

1995). Recently, Yang and colleagues cloned the Y. pestis caf1 operon, encoding the 

F1-Ag and virulence Ag (V-Ag) into attenuated Salmonella vaccine vectors. 
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Immunised mice gave strong antigen specific serum IgG antibody titres as well as 

elevated mucosal IgA responses. When vaccinated mice were challenged with 

bubonic and pneumonic plague, significant protection was detected showing that a 

single Salmonella vaccine can deliver both F1- and V-Ags to effect both systemic and 

mucosal immune protection against Y. pestis (Yang, et al. 2007). Hess et al, used an 

aroA S. Typhimurium strain as a vector to express and secrete the somatic protein of 

L. monocytogenes, superoxide dismutase. Vaccination of mice with the construct 

induced protection against a lethal challenge with this intracellular pathogen (Hess, et 

al. 1997). Another study used Salmonella to express codon-optimised HIV type 1 Gag 

protein. Mice intranasally primed with purified Gag and CT adjuvant, and boosted 

with the recombinant Salmonella strain induced significant mucosal IgA as well as 

CD8+ T-cell responses (Tsunetsugu-Yokota, et al. 2007).  

 

The development of new S. Typhi-based vectors has been limited by the narrow host 

range of S. Typhi and paucity of appropriate animal models. Since humans are the 

only known natural host for S. Typhi, many strategies for producing attenuated 

vaccine vectors were initially identified as immunogenic in S. Typhimurium as 

mentioned above. Currently the only licensed live attenuated vaccine against typhoid 

fever is the live S. Typhi strain, Ty21a.  This vaccine was derived by chemical 

mutagenesis of the wild-type virulent bacterial isolate, and is associated with a defect 

in the galE gene, as well as other undefined mutations (Germanier and Fuer 1975); 

this technology is now not considered appropriate for development of new live 

attenuated bacterial strains. Even though Ty21a is well tolerated in humans it is 

weakly immunogenic with three or four oral doses being required for significant, but 

incomplete, protection against typhoid fever (Cryz, et al. 1988). It was this avirulent 

Salmonella strain that was first used to successfully express foreign antigens and 

induce antigen-specific immune responses (Formal, et al. 1981; Herrington, et al. 

1990). Subsequent studies in humans reported limited application of this strain as a 

vaccine vector. This may have been due to low antigen expression in vivo or weak 

immunogenicity of the vector. With the improvements in bacterial genetics, a number 

of new live vaccine vector candidates have been constructed by introducing defined 

non-reverting mutations in both virulence and house-keeping genes, resulting in 

rational attenuation. Often more than one defined mutation is introduced to minimise 

the chance of reversion to wild-type virulent phenotype (see Table 6.3). 
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Table 6.3: Characteristics of live vaccines developed against typhoid fever 

Strains Mutation Safety Comments References 

Ty21a galE + 
undefined safe 

Weakly 
immunogenic, 3-4 

oral doses required 

Commercially 
available 

CVD906-htrA 
CVD908-hrtA aroC aroD htrA 

mild diarrhoea 
and fever in 

small number 
of volunteers 

Antibody and T-cell 
responses after 

single dose 

(Tacket, et al. 
1997; Tacket, 
et al. 2000) 

ZH9 aroC ssaV safe 

Antibody and T-cell 
responses after 

single dose, currently 
undergoing phase III 

trials 

(Kirkpatrick, et 
al. 2006) 

541Ty 
543Ty aroA purA Vi safe 

Weakly 
immunogenic, lower 

than Ty21a 

(Edwards and 
Stocker 1988) 

Ty800  phoP phoQ safe Antibody responses (Hohmann, et 
al. 1996) 

 

The potential application of newly developed vaccine strains as vectors for delivering 

one or heterologous antigen(s) has been recently demonstrated in clinical studies. 

Microscience Ltd have carried out phase I clinical studies on volunteers with 

recombinant S. Typhi ZH9 expressing the LT B-subunit (LT-B) of E. coli (ZH9/LT-

B). The ZH9/LT-B vaccine was well tolerated and immunogenic following 2 oral 

doses (Khan, et al. 2007; Microscience 2004a). ZH9 has also been manipulated to 

express hepatitis B virus core antigen (HBcAg), which when given orally to 

volunteers elicited production of proliferative T cell responses to HBcAg 

(Microscience 2004b). Considering all the above points, attenuated Salmonella strains 

constitute an attractive carrier system for the delivery of the M. tuberculosis protein 

Ag85B-ESAT6. 
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6.2 Mucosally delivered live Salmonella, in vivo inducible, vector 

vaccines elicit significant immune responses against the 

tuberculosis fusion antigen, Ag85B-ESAT6 

6.2.1 Introduction 

Oral live Salmonella vaccine vectors expressing recombinant heterologous antigens 

help stimulate systemic, mucosal, humoral, and cell-mediated immune responses 

against Salmonella and recombinant antigens (Garmory, et al. 2003). Therefore, it 

may be possible to protect against M. tuberculosis by using Salmonella as a vector to 

express the immunodominant tuberculosis fusion antigen, Ag85B-ESAT6. In general, 

there are two common methods of expressing foreign antigen in salmonellae: from 

plasmid vectors, or from the bacterial chromosome. The main advantage for using a 

plasmid based expression system is the ability to produce high levels of protein from 

large or high-copy number plasmids. However, overexpression of many proteins can 

be toxic to Salmonella, probably due to the increased metabolic burden on the cell. 

One way to overcome these deleterious effects associated with constitutive expression 

of foreign proteins is to use inducible promoters that are regulated and only expressed 

in specific environments that the Salmonella encounters within the host. Thus, the use 

of an in vivo inducible promoter such as nirB or ssaG is an applicable approach to 

obtaining the stable in vivo expression of heterologous antigens in Salmonella vaccine 

strains.  

 

The ssaG gene and its promoter are located in the S. enterica chromosome within 

Salmonella Pathogenicity Island-2 (SPI-2), which encodes a type III secretion system 

involved in adapting the pathogen to its intravacuole environment within mammalian 

cells (Shea, et al. 1996). The macrophage-inducible virulence factor (ssaG) is part of 

an operon that includes other essential components of the type III secretion apparatus, 

such as ssaJ (Hensel, et al. 1997). Strains deleted in ssaG have a strong defect in 

intracellular replication, and are unable to translocate effector proteins within 

macrophages as well as having an absence of appendage formation (i.e. functional 

type III secretion apparatus) (Chakravortty, et al. 2005). The ssaG promoter has been 

studied extensively as a means for controlled expression of heterologous antigens in 

Salmonella-based vaccines (McKelvie, et al. 2004; Stratford, et al. 2005). This 
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promoter has also previously been shown to be up-regulated at least 400-fold in 

macrophages (Valdivia and Falkow 1997). McKelvie and colleagues have used the 

ssaG promoter to express the E. coli LT-B within S. Typhimurium vaccine strains. 

They reported that expression of LT-B by the Salmonella constructs was detectable at 

significant levels after intra-macrophage survival, and mice immunised with these 

derivatives mounted marked anti-LT-B humoral antibody responses (McKelvie, et al. 

2004). In addition Stratford et al used the ssaG promoter to effectively control 

expression of the HepB core antigen and LT-B after integration of these antigens into 

the chromosome of S. Typhi ZH9 (Stratford, et al. 2005).  

 

The nirB gene, which encodes the E. coli NADH-dependent nitrite reductase, is the 

first gene in an operon that also includes nirD, nirC and cycG. The nirB promoter is 

tightly regulated by nitrite and by changes in oxygen tension of the environment, and 

becomes active under anaerobic conditions (Peakman, et al. 1990). Mutants of E. coli 

K12 defective in the nirB gene lack NADH-dependent nitrite reductase activity and 

reduce nitrite slowly during anaerobic growth (Cole, et al. 1980). Chatfield et al 

previously used the anaerobically inducible nirB promoter to drive significant 

expression of the non-toxic immunogenic fragment C of tetanus toxin in the 

Salmonella vector BRD847. Oral immunisation with this vaccine construct induced 

high levels of circulating anti-TetC antibodies, and mice were solidly protected 

against tetanus toxin challenge (Chatfield, et al. 1992). Recently, Salam et al used a 

Salmonella vector expressing the cloned saliva-binding region (SBR) of 

Streptococcus mutans or SBR linked to the A2 and B subunits of cholera toxin 

(CTA2/B) under the control of both the T7 and nirB promoters (T7-nirB dual 

promoter). Salmonella clones expressing SBR or SBR-CAT2/B under the control of 

either T7-nirB promoter induced a high and persistent mucosal and systemic anti-SBR 

antibody response (Salam, et al. 2006). 

 

As already discussed Salmonella can be modified to carry and express heterologous 

antigens. Numerous studies have observed that immunisation of animals with various 

recombinant Salmonella constructs induces potent TH1 immune responses to both the 

vector as well as the heterologous antigen. I therefore hypothesise that mice orally 

immunised with the various Salmonella constructs producing Ag85B-ESAT6, via in 
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vivo inducible plasmid based expression systems, will have significant immune 

responses that are appropriate for protection after challenge with M. tuberculosis.  

 

The aim of this study was therefore to evaluate the expression and immunogenicity of 

Ag85B-ESAT6 expressed under the control of the ssaG and nirB promoters as 

multiple copies in Salmonella. The immunogenicity of the recombinant Salmonella 

constructs was determined by examining both antigen-specific antibody and cytokine 

production.  

 

6.2.2 Results 

6.2.2.1 Construction of recombinant Salmonella vaccine strains and in vitro 

expression of Ag85B-ESAT6. 

Two plasmids were constructed which directed the expression of the Ag85b-esat6 

gene from the nirB and ssaG promoters. The plasmids pmycossaG (ssaG plus fusion) 

and pmyconirB (nirB plus fusion) were cloned using the strategy outlined in Figure 

6.1 and 6.2 respectively with help from Dr D Pickard and Dr M Abd E L Ghany 

(Wellcome Trust Sanger Institute). A set of primers were designed to confirm the 

cloned sequence expected including the promoter and fusion regions. Based on the 

sequence supplied by Dr J Dietrich (Statens Serum Institute, Denmark), sequencing 

results indicated no errors and no frame shift within the cloned regions. The two 

recombinant plasmids were isolated from E. coli and transferred into S. Typhimurium 

SL3261 (aroA) by electroporation after passage through S. Typhimurium LB5010 to 

ensure methylation of the DNA in the absence of restriction.  
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Figure 6.1: Schematic diagram showing the construction of the plasmid used to express Ag85B-

ESAT6 via the ssaG promoter. 

(A) The ag85B-esat6 gene (pink symbol) was removed from pMCT6 using the restriction enzyme sites 

BglII/BamHI. (B) The fragment was then inserted into BglII (black line) and BamHI (grey line) sites 

within pMQ8, which also contained the ampicillin resistance gene (green symbol). (C) The ssaG 

promoter was obtained from amplification of S. Typhimurium TML strain DNA by primers containing 

SphI (red line) and BglII sequences. (D) This was subsequently cloned into t-overhang sites within the 

pGEM-Teasy vector. (E) The promoter fragment was then removed and inserted into the SphI/BglII 

sites within the pMQ8 vector in front of the Ag85B-ESAT6 fragment to give the ssaG Ag8B-ESAT6 

expression plasmid (pmycossaG). 
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Figure 6.2: Schematic diagram showing the construction of the plasmid used to express Ag85B-

ESAT6 via the nirB promoter. 

(A) The ag85B-esat6 gene (pink symbol) was amplified from pMCT6 using primers containing NcoI 

(orange line) and BamHI (grey line) sequences. (B) The fragment was then cloned into t-overhang sites 

within the pTOPO vector. (C) The NcoI/BamHI antigen fragment was removed from the intermediate 

vector and subcloned into the NcoI and BamHI sites within pBRD940 in frame with the nirB promoter 

(blue symbol) which also contained an ampicillin gene (green symbol). (D) Leading to the nirB 

Ag85B-ESAT6 expression plasmid (pmyconirB).   
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The expression of Ag85B-ESAT6 was analysed in the recombinant SL3261 strains 

containing plasmids pmyconirB and pmycossaG by SDS-PAGE and Western blotting. 

The promoter nirB is inducible under anaerobic conditions, so strains were grown in 

an anaerobic jar in the presence of a palladium catalyst to remove any oxygen. The 

expression of Ag85B-ESAT6 protein was confirmed by Western blotting using anti-

ESAT6 serum. Figure 6.3 shows that control purified Ag85B-ESAT6 protein and 

Ag85B-ESAT6 expressed in Salmonella containing pmyconirB reacted with the anti-

ESAT6 antisera, and that no reaction was detected with Salmonella SL3261 parental 

strain. The electrophoretic mobility of these bands corresponded to that expected for 

the Ag85B-ESAT6 fusion protein, 36kDa. The expression levels of the other 

construct, pmycossaG, was also analysed by a Western blotting experiment. In vivo-

inducible promoters, such as the ssaG promoter, are poorly induced when Salmonella 

are grown on normal laboratory medium and to facilitate detection of expression of 

heterologous antigens, the use of a modified growth medium was investigated. 

Minimal medium was designed to mimic some of the environmental conditions 

experienced by Salmonella inside the host macrophage. Minimal medium used in this 

study is based on MM5.8 medium described by Hautefort et al. (Hautefort, et al. 

2003). MM5.8 medium has a pH 5.8, which mimics the acidic pH of the vacuole 

inside macrophages in which Salmonella resides. Figure 6.3 shows that Ag85B-

ESAT6 was expressed strongly from the ssaG promoter when Salmonella strains 

harbouring pmycossaG were grown under minimal media conditions. In this gel it is 

evident that the antiserum cross reacts with putative break-down products and dimers, 

both above and below the position of the 36 kDa Ag85B-ESAT6 protein, but a clear 

reaction with the Ag85B-ESAT6 protein is nevertheless observed in lanes 1, 2, 3, and 

5. 
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Figure 6.3: Coomassie gel and western blot analysis of recombinant Salmonella cultures.  

Figure 6.3A shows a coomassie stained gel of 1µg Ag85B-ESAT6 (lane 1), and approximately 1.0 OD 

log phase cultures of SL3261 parent strain (lane 2), SL3261(pmyconirB) (lane3) and 

SL3261(pmycossaG) (lanes 4 and 5). Figure 6.3B shows the western blot analysis of the previous 

protein gel. Lane 3 shows SL3261(pmyconirB), lanes 1 and 2 are SL3261(pmycossaG), lane 4 shows 

the SL3261 parent strain and 1µg Ag85B-ESAT6 protein is located in lane 5. Nitrocellulose 

membranes were probed with 1:25 dilution of monoclonal anti-ESAT6 antibodies (Statens Serum 

Institute, Denmark). 
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6.2.2.2 Intragastric priming with recombinant SL3216 strains plus an 

intranasal Ag85B-ESAT6 boost and Ig responses 

To investigate the ability of SL3261 recombinant strains expressing Ag85B-ESAT6 to 

elicit specific antibody responses against Ag85B-ESAT6, mice were immunised as 

summarised in Table 6.4. Serum collected at day 21, day 42 and day 56 was analysed 

for specific anti-Ag85B-ESAT6 Ig antibodies to determine if the SL3261 vaccine 

strains were expressing sufficient Ag85B-ESAT6 to trigger a measurable antibody 

response. 
Table 6.4: Recombinant SL3261 immunisation regimen (3 mice/group) 

 

Following the first dose of oral vaccination with SL3261 recombinant strains, only 
SL3261(pmyconirB) had any detectable serum Ig antibody titres at day 21 (1 out of 3 
animals), when compared to the negative control groups (Figure 6.4A). After a second 
oral immunisation (day 35), all mice that received recombinant Salmonella strains 
expressing Ag85B-ESAT6 had modest titres of total anti-Ag85B-ESAT6 Ig, when 
compared to PBS and SL3261 immunised animals (Figure 6.4B). Following a third 
intranasal boost with 10µg Ag85B-ESAT6 plus 1µg LT all mice immunised with 
recombinant Salmonella strains expressing fusion protein showed a significant (p < 
0.05) increase in Ig titres when compared to naïve animals (Figure 6.4C). On day 56, 
mice primed with parental SL3261 and boosted with protein and adjuvant also had 
anti-Ag85B-ESAT6 titres, but these were not significant when compared to negative 
control animals (p > 0.05). 

Day Group Construct/Antigen Procedure Route 
0 1 naïve (PBS) immunisation oral gavage 
 2 SL3261  oral gavage 
 3 SL3261(pmycossaG)  oral gavage 
 4 SL3261(pmyconirB)  oral gavage 

21 All groups  sample bleed  
35 1 naïve (PBS) boost oral gavage 
 2 SL3261  oral gavage 
 3 SL3261(pmycossaG)  oral gavage 
 4 SL3261(pmyconirB)  oral gavage 

42 All groups  sample bleed  
49 1 naïve (PBS) boost intranasal 
 2 10µg Ag85B-ESAT6 + 1µg LT  intranasal 
 3 10µg Ag85B-ESAT6 + 1µg LT  intranasal 
 4 10µg Ag85B-ESAT6 + 1µg LT  intranasal 

56 All groups sample bleed, lung and nasal washes 
and spleens for CBAs END  



Chapter 6. Live Recombinant Salmonella vaccine candidates 195

Figure 6.4: Ag85B-ESAT6-specific total Ig titres in mice immunised with recombinant in vivo 

inducible Salmonella strains. 

As outlined in Table 6.4, intragastric administration of recombinant SL3261 strains; SL3261ssaG and 

SL3261nirB, into Balb/c mice was performed at day 0 (immunisation) and day 35 (boost) with a final 

intranasal boost of 10µg Ag85B-ESAT6 + 1µg LT (day 49). Mice were inoculated with approximately 

5 x 109 CFU of Salmonella. Mice were left for 21, 42 and 56 days and then sample bled to determine 

anti-Ag85B-ESAT6 Ig antibodies. Ag85B-ESAT6 specific antibody titres were determined by ELISA.  

Total serum Ig titres (A day 21, B day 42, and C day 56) from naïve and immunised animals are 

expressed as total antibody titre using a cut off of OD 0.3.  indicates naïve animals;  represent the 

SL3261 parental strain with showing the SL3261 parental strain plus the intranasal boost of LT and 

Ag85B-ESAT6. shows animals immunised with SL3261 containing pmycossaG with  indicating 

mice vaccinated with Salmonella strain harbouring the pmyconirB. The black bar shows the geometric 

mean from the group and the * indicates significant values of p < 0.05 as determined using the Kruskal-

Wallis test followed by Dunn’s Multiple Comparison test compared to PBS and SL3261 immunised 

controls. 
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6.2.2.3 IgG1/IgG2a profile after recombinant Salmonella immunisation 

To determine the subclass distribution of serum IgG antibody responses, samples 

from mice orally immunised with the recombinant SL3261(pmycossaG) and 

SL3261(pmyconirB) were analysed for levels of IgG1 and IgG2a antibody responses, 

which are indicative of a TH2 or TH1 responses, respectively (Figure 6.5). Serum IgG 

antibodies to Ag85B-ESAT6 from mice immunised with SL3261(pmycossaG) 

belonged predominantly to the IgG1 subclass (IgG1/IgG2a ratio = 4.6), but a mixed 

IgG2a and IgG1 response pattern (IgG2a/IgG1 = 1.0) was observed in those animals 

vaccinated with SL3261(pmyconirB). However, the shift in terms of IgG1/IgG2a 

ratios was not statistically significant (p > 0.05) in any of the vaccinated animals. No 

detectable IgG1 or IgG2a subtype titres were observed in animals immunised with 

SL3261 and boosted intranasally with LT and Ag85B-ESAT6 along with naive (PBS 

immunised) mice.  

 
Figure 6.5: IgG1/IgG2a profile after recombinant Salmonella immunisation. 

Balb/c mice were immunised as depicted in Table 6.4 and sample bled on day 56 to determine IgG and 

subtypes IgG1 and IgG2a titres. Ag85B-ESAT6 specific antibody titres were determined by ELISA.  

Total serum IgG, IgG1 and IgG2a titres from naïve and immunised animals are expressed as total 

antibody titre using a cut off of OD 0.3.  shows IgG,  IgG1,  indicates IgG2a and the black line 

gives the geometric mean. 
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6.2.2.4 Intragastric priming with recombinant SL3216 strains plus an 

intranasal Ag85B-ESAT6 boost and cytokine responses 

In order to examine the cellular immune responses induced after Salmonella 

vaccination T-cell assays were performed using splenocytes from immunised and 

naive animals. Cells were stimulated with 5 μg/ml Ag85B-ESAT6 and the 

supernatants were tested for IFN-γ, IL-4, IL-2, IL-5 and IL-6 production (Figure 6.6). 

The recombinant Salmonella vaccinated mice showed high and significant IFN-γ, IL-

2, IL-6 responses at day 56 after priming and boosting. In contrast, those mice 

receiving S. Typhimurium SL3261 parental strain, and boosted intranasally with 

purified Ag85B-ESAT6 and the adjuvant LT, only produced significant levels of IL-5 

when compared to naïve animals.  Low and not significant IL-4 production (p > 0.05) 

was detected in the supernatants of Ag85B-ESAT6-stimulated splenocytes from either 

the vaccinated or control mice. For the SL3261(pmycossaG) vaccinated group, IL-5 

production was significant when compared to negative control  mice, whereas 

splenocytes from the group immunised with SL3261(pmyconirB) produced only 

modest levels of IL-5 that were not significant (p > 0.05). Mice vaccinated with 

SL3261(pmycossaG) gave significantly higher IL-2 levels when compared to those 

immunised with SL3261(pmyconirB) (p < 0.01 compared to p < 0.05). For IL-6 the 

reverse was true i.e. SL3261(pmyconirB) gave significantly higher levels of IL-6 than 

SL3261(pmycossaG) (p < 0.01 compared to p < 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6. Live Recombinant Salmonella vaccine candidates 198

Figure 6.6: Ag85B-ESAT6-specififc cytokine production from splenocytes of recombinant 
Salmonella immunised animals.  
Supernatants were removed from stimulated splenocytes obtained from Balb/c mice vaccinated with PBS, 

SL3261 and Salmonella strains harbouring plasmids expressing Ag85B-ESAT6 from either the ssaG or nirB 

promoters, 56 days after initial priming and boosting and were assessed for different cytokines by CBA 

(Figure 6.6A). For full immunisation schedule see Table 6.4. Cytokine responses were measured upon in 

vitro stimulation with Ag85B-ESAT6 for 36-42 hours. Cells were also stimulated with conA (positive 

control) and media (negative control) (Figure 4.6B). Columns represent the mean (± SD) stimulation indices 

of splenocytes from three animals per group. The sensitivities of the CBA was >1pg/mL for each cytokine. 

(1) The red columns indicate naïve animals; (2) the blue represents mice immunised with the SL3261 

parental strain and then intranasally boosted with LT and Ag85B-ESAT6. (3) The green shows animals 

immunised with SL3261 containing pmycossaG and, (4) the purple indicating mice vaccinated with 

Salmonella strain harbouring the pmyconirB. The * indicates significant values of p < 0.05 and ** indicates 

p < 0.01 as determined using the Kruskal-Wallis test followed by Dunn’s Multiple Comparison test 

compared to PBS immunised controls. For Figure 6.6B, block colours represent conA stimulated splenocytes 

with diagonal lines indicating RPMI+ stimulated splenocytes. Pink shows IFN-γ, green IL-4, purple IL-2, 

yellow IL-6 and blue IL-5. 
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6.2.3 Discussion 

The use of live attenuated bacteria as vectors offers many technical and clinical 

advantages. They are easy and relatively inexpensive to produce, are able to carry 

large or multiple antigens or adjuvants, and can be eradicated with antibiotics should 

the need arise. These attributes may make attenuated bacterial vaccinations more 

attractive for the developing world. Compared to injectable vaccines, oral delivery 

should result in increased compliance, safety, and ease of administration. In particular 

bacterial vectors may mimic natural infection and therefore interact with the mucosal, 

humoral, and cellular compartments of the immune system inducing both a systemic 

and mucosal immune response to the delivered heterologous antigen (Kotton and 

Hohmann 2004). Here I describe the construction of two recombinant vaccine 

candidates, SL3261(pmycossaG) and SL3261(pmyconirB), which express the 

tuberculosis fusion antigen Ag85B-ESAT6. As already discussed, the promoters 

chosen for this study have previously been shown to drive expression and specific 

immune responses against heterologous antigens delivered by Salmonella vaccine 

constructs, hence our decision to utilise these particular promoters (Chatfield, et al. 

1992; Valdivia and Falkow 1997). Expression of the immunodominant tuberculosis 

antigen, Ag85B-ESAT6, via the ssaG and nirB was achieved by integrating the 

heterologous gene and appropriate promoter onto plasmids (pmycossaG and 

pmyconirB). These plasmids were then transformed into S. Typhimurium SL3261. 

The unregulated expression of foreign genes within S. Typhimurium can lead to 

plasmid instability, and yet stable expression of the guest antigen in vivo is necessary 

for presentation of the antigen to immune effector cells and the induction of a 

protective response. One approach to promote the stable expression of guest antigens 

involves the use of promoters which are induced within the host so that immune 

effector cells are presented with the guest antigen. As the gene is only expressed after 

certain environmental cues have been recognised, this approach might reduce the 

selective pressure towards deleting the heterologous gene (Curtiss 2002).  
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Previous studies by Hess et al reported the expression of the single components of the 

fusion antigen, Ag85B and ESAT6 by the Salmonella SL7207 strain endowed with 

the haemolysin secretion system of E. coli (Hess, et al. 2000; Mollenkopf, et al. 

2001). Immunisation with both recombinant Salmonella strains demonstrated reduced 

numbers of tubercle bacilli in the lungs and spleens throughout the course of infection 

comparable to BCG vaccinated control animals. To our knowledge this study is the 

first to use a recombinant Salmonella vector to express the heterologous 

immunodominant fusion antigen, Ag85B-ESAT6.  

 

I compared the immune responses to Ag85B-ESAT6 in mice immunised with a live 

Salmonella vector expressing Ag85B-ESAT6 from two different regulated promoters, 

ssaG and nirB. The purpose was to determine if either or both of the in vivo inducible 

promoters has the utility for expressing the foreign fusion antigen in Salmonella, and 

also if there were advantages of using a particular expression system. The nirB 

promoter is regulated by changes in oxygen tension in the local microenvironment. 

This regulation is effective since Ag85B-ESAT6 was readily detectable under reduced 

oxygen tension in vitro (Figure 6.3). The ssaG promoter is regulated under low pH 

conditions which are similar to those found inside macrophage vacuoles. The strong 

production of Ag85B-ESAT6 obtained after Salmonella were grown under in vitro 

minimal media conditions also confirms that this regulation is efficient (Figure 6.3). 

 

I found that both Salmonella strains were very similar in terms of anti-Ag85B-ESAT6 

Ig responses through the later stages of the study. However, only one out of the three 

mice immunised with SL3261(pmyconirB), and none of the animals immunised with 

SL3261(pmycossaG), had detectable Ig antibody titres after one oral dose (day 21). 

One possible reason for lack of detectable antibody titres after one oral immunisation 

may be due to loss of the plasmids. I did not check plasmid stability in vivo, and this 

may be a factor in the poor antibody responses observed at day 21. I do not know the 

reason why the anti-Ag85B-ESAT6 immune responses were stronger and more rapid 

in SL3261(pmyconirB) immunised mice. The only differences between the two 

plasmid systems are the promoters controlling Ag85B-ESAT6 expression. It is 

possible that Ag85B-ESAT6 expression is switched on earlier and for longer in vivo 

in SL3261(pmyconirB) than in SL3261(pmycossaG), or that in vivo expression of 

Ag85B-ESAT6 is higher using pmyconirB than pmycossaG. Notably, both strains 
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stimulated modest anti-Ag85B-ESAT6 titres after a second oral dose of the 

recombinant Salmonella strains in all mice immunised (day 42), therefore 

demonstrating the utility of the in vivo inducible promoters in driving 

immunologically relevant levels of antigen. To further increase the immune response 

to Ag85B-ESAT6, mice were intranasally boosted with the subunit protein plus the 

adjuvant LT. This third boost significantly increased the antibody titres in those mice 

primed with the recombinant Salmonella strains. I also observed that those mice 

receiving the SL3261 parental strain plus the Ag85B-ESAT6 and adjuvant boost also 

showed modest anti-Ag85B-ESAT6 responses when compared to PBS immunised 

controls. However, these responses were not found to be significant. When I 

examined the difference in antibody titres between mice immunised with the parental 

strain of SL3261 and boosted, compared to animals primed with recombinant 

Salmonella strains and subsequently boosted, I observed that titres were lower, but 

this difference was not found to be statistically significant. This may just be due to the 

very low number of animals (i.e. three) used in each group, making it difficult to 

statistically differentiate between each cohort. Nonetheless, these data suggests that 

priming with recombinant Salmonella and boosting is superior to intranasal 

vaccination alone at inducing antigen-specific antibody responses.  

 

Salmonella (as well as other intracellular micro-organisms) generally induce a TH1-

type response characterised by high levels of IFN-γ and IgG2a antibodies (Klimpel, et 

al. 1995; Ramarathinam, et al. 1991; VanCott, et al. 1996). Significant cellular 

responses were only detected in those mice immunised with two oral doses of both the 

SL3261(pmyconirB) and SL3261(pmycossaG), and boosted intranasally with the 

adjuvant LT and Ag85B-ESAT6. Splenocytes from recombinant Salmonella 

immunised mice proliferated strongly against purified Ag85B-ESAT6 and secreted 

significant levels of IFN-γ, IL-2, IL-5 and IL-6, but not IL-4 when stimulated in vitro. 

These data indicate that both TH1- and TH2-type responses were elicited against 

Ag85B-ESAT6. The analysis of the subclasses of serum Ag85B-ESAT6-specific IgG 

also supported the presence of a mixed TH1- and TH2-type response. Similar 

observations were reported for mice immunised with recombinant Salmonella 

expressing TetC (VanCott, et al. 1996). Interestingly, from the cytokine profiles it 

appears that SL3261(pmyconirB) may induce a stronger TH1 response, as represented 

by the significantly lower IL-5 levels and IgG1 antibody titres compared to 
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SL3261(pmycossaG). This suggests that the nirB promoter may be more appropriate 

than the ssaG promoter for expressing the Ag85B-ESAT6 antigen as a polarised TH1 

response is required for immunity to M. tuberculosis (Boom 1996; Flynn and Chan 

2001). However, the underlying mechanism for the induction of different types of 

immune response by the use of specific promoters is unclear (Medina, et al. 2000). 

Notably, the immunisation regimens incorporating the recombinant Salmonella strains 

produced significant levels of IFN-γ (i.e. over 1250pg/mL). As already discussed this 

cytokine is a key indicator to levels of protection possible after challenge with 

pathogenic M. tuberculosis  and previous studies have shown similar levels of IFN-γ 

to correlate with a reduction in both lung and spleen M. tuberculosis CFUs (Doherty, 

et al. 2002). Our data therefore suggests that priming with these recombinant 

Salmonella strains, and intranasally boosting with adjuvant and protein, would 

possibly provide protection against a future pathogenic M. tuberculosis challenge. 

 

 This study outlines the value of combining in vivo inducible promoter driven antigen 

expression in S. Typhimurium SL3261 background plus an intranasal boost as a 

prime-boost strategy for developing clinically acceptable, immunogenic recombinant 

Salmonella-based vaccine against M. tuberculosis.  
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6.3 A recombinant attenuated S. Typhimurium vaccine encoding 

the M. tuberculosis antigen, Ag85B-ESAT6, confers potent 

specific immune responses and induces significant reduction of 

bacterial colonisation of mice.  

6.3.1 Introduction 

Attenuated live oral vaccines based on attenuated S. Typhi or S. Typhimurium have 

been successfully used as vehicles to deliver heterologous antigens and induce 

protective immune responses in a variety of animal models (Bowe, et al. 2003; Kotton 

and Hohmann 2004). A few clinical trials have also shown their safety and 

immunogenicity in humans. As already discussed, there are two frequently used 

methods for expressing heterologous antigens, from both plasmids and from the 

chromosome. In the previous study, the ssaG and nirB promoters were used to 

efficiently drive Ag85b-esat6 gene expression from multicopy plasmids. However, the 

use of multicopy plasmids has several disadvantages when it comes to the generation 

of vaccines. For example, the metabolic burden resulting from the expression of 

foreign protein creates a selective pressure for plasmid loss during in vitro growth, or 

early in the in vivo colonisation process following administration. Furthermore, the 

toxic effects of overexpression of heterologous proteins on bacterial vectors may lead 

to poor immunogenicity despite high levels of antigen expression. One method that 

could be used to overcome this stability issue would be to insert the heterologous 

sequence into the bacterial chromosome. 

 

The recombinant Salmonella strains constructed in Section 6.2 were used as a proof of 

principle i.e. to show that Salmonella vaccine vectors can be engineered to express the 

M. tuberculosis fusion antigen Ag85B-ESAT6. As discussed above plasmid based 

expression systems have a number of disadvantages and therefore I decided to utilise 

chromosomal integration of Ag85B-ESAT6 as this system is more appropriate for use 

in human trials. I hypothesise that mice immunised with attenuated S. Typhimurium 

SL3261 expressing the Ag85B-ESAT6 antigen from the chromosome would induce 

specific immune responses and provide protection against subsequent challenge with 

virulent M. tuberculosis. 
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6.3.2 Results 

6.3.2.1 Construction of recombinant Salmonella vaccine strain and in vitro 

expression of Ag85B-ESAT6.  

Several systems have been developed that facilitate chromosomal expression and one 
such system, based upon phoN as an integration site was selected for this study 
(Husseiny and Hensel 2005). This approach relies on a single copy of the 
heterologous gene to drive immunologically relevant levels of antigen expression. As 
only one copy of the foreign antigen is produced from the recombinant Salmonella, 
the promoter lacZ was chosen, as deletion of the lacIQ repressor allows constitutive 
expression of the protein of interest. The red recombinase approach was utilised for 
integration of expression cassettes into the chromosome of S. Typhimurium. Briefly, 
an expression cassette was constructed that contained the constitutive promoter lacZ 
to control expression of the heterologous fusion antigen ag85B-esat6 with help from 
Dr D Pickard and Dr M Abd E L Ghany (Wellcome Trust Sanger Institute). The lacZ 
promoter was derived from the original expression plasmid (pMCT6) with a region of 
the repressor (lacIQ) deleted to allow constitutive expression of the protein. The 
expression cassette was inserted into a plasmid (p2795) that contained a kanamycin 
resistance gene (Figure 6.7A). The resulting targeting construct was amplified by 
PCR with primers complementary to the flanks of the targeting construct and the 
chromosomal gene selected for integration i.e. phoN (Fig 6.7B). phoN is not required 
for normal growth of S. Typhimurium and mutations in the phoN gene do not result in 
any further attenuation of virulence (Lodge, et al. 1995). By homologous 
recombination mediated by red recombinase plasmid (pKD46), the phoN gene was 
replaced by the targeting construct to give SL3261mycolacZ (Fig 6.7C and D). A set 
of primers were designed to confirm the expected cloned sequence including the 
promoter and antigen regions. Based on the sequence supplied by Dr J Dietrich 
(Statens Serum Institute, Denmark), sequencing results indicated no errors and no 
frame shifts within the cloned regions. Whole-cell lysates of recombinant strain 
SL3261mycolacZ, or of the parental control strain, were grown statically at 37°C to 
allow Ag85B-ESAT6 expression and were then probed with mAb against ESAT-6. A 
positive control of purified Ag85B-ESAT6 protein was also probed. The blots 
revealed one major immunoreactive band in SL3261mycolacZ lysates and Ag85B-
ESAT6 protein that were absent from wild-type SL3261. The electrophoretic mobility 
of these bands corresponded to that expected for the Ag85B-ESAT6 fusion protein, 
36kDa (Fig 6.8).  
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Figure 6.7: Schematic diagram for the construction of targeting construct and chromosomal 

integration of expression cassette. 

(A) Expression cassette consists of a constitutive promoter (lacZ), a gene fragment encoding the model 

vaccine fusion antigen Ag85B-ESAT6 (pink symbol). Expression cassette for expression of Ag85B-

ESAT6 was inserted into the multiple cloning site of p2795. p2795 contains the kanamycin resistance 

gene (green symbol) and binding sites for primers (blue symbol). (B) The targeting construct consisting 

of expression cassette and resistance gene was amplified by knock-in primers containing sequences 

complementary to the chromosomal target gene, phoN (orange symbol). (C) S. Typhimurium strain 

SL3261 harbouring pKD46 for expression of Red recombinase was transformed with linear DNA of 

targeting construct. (D) Recombinant colonies with replacements of a chromosomal target gene, phoN 

(purple symbol) by the targeting construct were selected.  
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Figure 6.8: Coomassie gel and western blot analysis of recombinant chromosomal Salmonella 

construct. 

Figure 6.8A shows a coomassie stained gel of 1µg Ag85B-ESAT6 (lane 1), and approximately 1.0 OD 

log phase cultures of SL3261 parent strain (lane 2), SL3261mycolacZ (lane3). Figure 6.8B shows the 

western blot analysis of the previous protein gel. Lane 3 shows 1µg Ag85B-ESAT6 protein, log phase 

static cultures of the SL3261 parent strain are shown in lane 2 and SL3261mycolacZ cultures are in 

lane 1. Nitrocellulose membranes were probed with 1:25 dilution of monoclonal anti-ESAT6 

antibodies (Statens Serum Institute, Denmark). 
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6.3.2.2 Humoral immunogenicity of the oral recombinant Salmonella priming-

intranasal protein boost vaccine regimen.  

The concept about the effectiveness of antibodies against intracellular bacterial 

infections, including tuberculosis, is contentious partly due to the notion that 

antibodies cannot easily reach intracellular pathogens. This reservation has been 

applied particularly to organisms, which are confined to phagosomes (i.e. M. 

tuberculosis). However, this view is under reconsideration in the light of increasing 

evidence that antibodies interfering with some extracellular stages of the infection can 

influence the intracellular fate of the pathogen (Casadevall 2003; Edelson and Unanue 

2001; Li, et al. 2001; Mukherjee, et al. 1995a; Mukherjee, et al. 1995b). In order to 

determine if SL3261mycolacZ was effective in stimulating humoral immune 

responses, sera collected at various time points were tested for the kinetics of Ig 

antibody responses by ELISA. Seventy-five C57BL/6 mice were allocated to eleven 

groups (5-10 animals per group) and vaccinated according to the regimens shown in 

Table 6.5. The Salmonella vaccine strain SL3261 used in these studies has been 

shown to persist for 3-4 weeks within immunised mice (Dunstan, et al. 1998). To 

ensure no non-specific activation of macrophages and therefore of immune responses 

it is important to ensure that all Salmonella have been cleared before boosting, this is 

why mice were orally immunised on day 0 before being intranasally boosted on day 

50.  Group 2 shows the antibody response that follows a single immunisation with 

SL3261mycolacZ administered orally; mice were found to have modest but 

significant titres 21 days post priming when compared to PBS immunised and SL3261 

parental strain vaccinated mice (Group 1 and Group 3, respectively) (Figure 6.9A). 

These anti-Ag85B-ESAT6 titres were observed to increase over ten times by day 50, 

where 100% of the animals showed high titres (Figure 6.9B). Boosting intranasally 

with 20µg LTK63 and 25µg Ag85B-ESAT6 in SL3261mycolacZ primed mice 

(Group 2c) appeared to somewhat enhance serum Ig anti-Ag85B-ESAT6 responses at 

both 7 days and 70 days post boost (Figure 6.9C and D respectively). Although not 

significant, the difference between the anti-Ag85B-ESAT6 responses of Groups 2 and 

2c is consistent with the elevated Ag85B-ESAT6-specific cytokine levels observed in 

the latter group (see Section 6.3.2.3). Control mice vaccinated with SL3261mycolacZ, 

and then boosted with either PBS (Group 2a) or LTK63 (Group 2b), did not show any 

increase in Ag85B-ESAT6 specific titres 7 days after boosting (Figure 6.9C). Group 4 
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shows the serum anti-Ag85B-ESAT6 responses achieved when one dose of Ag85B-

ESAT6 plus LT was administered intranasally and was considered a positive control 

group as this regimen has already been shown to induce significant anti-Ag85B-

ESAT6 titres (see Chapter 3). As with Groups 2, 2a, 2b and 2c the animals in Group 4 

attained high titres after just a single dose of protein and adjuvant (day 50 and 120) 

(Figures 6.9B and D). As expected, mice primed with the parental Salmonella strain 

and boosted with either PBS (Group 3a) or LTK63 (Group 3b) did not show any 

detectable anti-Ag85B-ESAT6 titres (Figure 6.9C). Group 3c demonstrates the 

serological response that follows oral priming with the parental SL3261 strain and 

intranasal boosting with purified Ag85B-ESAT6 and LTK63. This group did have 

modest anti-Ag85B-ESAT6 titres 7 days after boosting, however only 60% of the 

animals seroconverted (Figure 6.9C).  

Table 6.5: Recombinant Salmonella prime-boost immunisation schedule 

Day Group Number 
mice/group Construct/Antigen Procedure Route 

0 1 5 Naïve (PBS) Immunisation Oral gavage 
 1a 5 Naïve (PBS)  Oral gavage 
 2 10 SL3261mycolacZ  Oral gavage 
 2a 5 SL3261mycolacZ  Oral gavage 
 2b 5 SL3261mycolacZ  Oral gavage 
 2c 10 SL3261mycolacZ  Oral gavage 
 3 10 SL3261  Oral gavage 
 3a 5 SL3261  Oral gavage 
 3b 5 SL3261  Oral gavage 
 3c 5 SL3261  Oral gavage 

 4 10 25µg Ag85B-ESAT6 + 
1µg LT  Intranasal 

21 All groups   Sample bleed  

50 1, 2, 3 
and 4 5 

Sample bleed, lung 
and nasal washes and 

spleens 
END  

50 1a 5 PBS Boost Intranasal 
 2a 5 PBS  Intranasal 
 2b 5 20µg LTK63  Intranasal 

 2c 10 25µg Ag85B-ESAT6 + 
20µg LTK63  Intranasal 

 3a 5 PBS  Intranasal 
 3b 5 20µg LTK63  Intranasal 

 3c 5 25µg Ag85B-ESAT6 + 
20µg LTK63  Intranasal 

57 
1a, 2a, 

2b, 2c, 3a, 
3b and 3c 

5 
Sample bleed, lung 

and nasal washes and 
spleens 

END  

120 2, 2c, 3 
and 4 5 

Sample bleed, lung 
and nasal washes and 

spleens 
END  
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Figure 6.9: Time-course of the serum Ig anti-Ag85B-ESAT6 antibody response in mice following 

oral Salmonella prime and intranasal protein boost.  
As outlined in Table 6.5 C57BL/6 were orally vaccinated with approximately 5 x 109 CFU of SL3261mycolacZ on 
day 0 and then boosted with 25µg Ag85B-ESAT6 + 20µg LTK63 or appropriate antigen controls on day 50. 
Negative control mice were immunised with wild-type SL3261 or PBS, and then also boosted on day 50 with the 
suitable antigens. Positive controls received 1µg LT plus 25µg Ag85B-ESAT6 intranasally at day 0. Mice were 
left for 21, 50, 57 and 120 days and then sample bled to determine anti-Ag85B-ESAT6 specific Ig antibodies, 
which were determined by ELISA. Total serum Ig titres (A day 21, B day 50, C day 57 and D day 120) from naïve 
and immunised animals are expressed in total antibody titres using a cut off of OD 0.3. The black bar shows the 
geometric mean from the group with the * indicates significant values of p < 0.05; **, p < 0.01 and ***, p < 0.001 
as determined using the Kruskal-Wallis test followed by Dunn’s Multiple Comparison test compared to negative 

controls.  represents naïve (PBS immunised) animals,   indicates animals immunised SL3261mycolacZ 

represents mice vaccinated with the SL3261 parental control strain and shows the positive control mice, i.e. 

those immunised with 1µg LT plus 25µg Ag85B-ESAT6. After priming with SL3261mycolacZ indicates a 

further boost with 20µg LTK63 and shows mice intranasally boosted with 20µg LTK63 plus 25µg Ag85B-
ESAT6. Those animals primed with the negative SL3261 control strain also received a 20µg LTK63 boost shown 

by and  shows mice receiving the 20µg LTK63 plus 25µg Ag85B-ESAT6 intranasal boost.  
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6.3.2.2.1 Serum IgG antibody responses  

In order to determine if vaccination with SL3261mycolacZ was sufficient to induce 

humoral IgG antibodies, mice were primed with SL3261mycolacZ and boosted 

intranasally as depicted in Table 6.5. Responses to Ag85B-ESAT6 were seen in serum 

following immunisation and boosting intranasally with Ag85B-ESAT6 and adjuvant 

LTK63. All mice receiving SL3261mycolacZ, plus or minus an intranasal boost 

(Group 2, 2a, 2b and 2c), seroconverted to high and significant IgG anti-Ag85B-

ESAT6 titres at day 50 and throughout the experimental period including the positive 

control group 4 when compared to negative control animals (Groups 1, 1a, 3, 3a, 3b, 

3c). Again, IgG responses in serum tended only to be slightly higher, but not 

significantly so, following immunisation and boosting (Group 2c), compared to those 

mice receiving SL3261mycolacZ only (Group 2) (Figure 6.10).  
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Figure 6.10: Time-course of the serum IgG anti-Ag85B-ESAT6 antibody responses. 
As outlined in Table 6.5 C57BL/6 were orally vaccinated with approximately 5 x 109 CFU of SL3261mycolacZ on 

day 0 and then boosted with 25µg Ag85B-ESAT6 + 20µg LTK63 or appropriate antigen controls on day 50. 

Negative control mice were immunised with wild-type SL3261 or PBS, and then also boosted on day 50 with the 

suitable antigens. Positive controls received 1µg LT plus 25µg Ag85B-ESAT6 intranasally at day 0. Mice were 

left for 50, 57 and 120 days and then sample bled to determine anti-Ag85B-ESAT6 specific Ig antibodies, which 

were determined by ELISA. Serum IgG titres (A day 50, B day 57, and C day 120) from naïve and immunised 

animals are expressed in total antibody titres using a cut off of OD 0.3. The black bar shows the geometric mean 

from the group with the * indicates significant values of p < 0.05; **, p < 0.01 and ***, p < 0.001 as determined 

using the Kruskal-Wallis test followed by Dunn’s Multiple Comparison test compared to negative controls.  

represents naïve (PBS immunised) animals,   indicates animals immunised SL3261mycolacZ represents 

mice vaccinated with the SL3261 parental control strain and shows the positive control mice, i.e. those 

immunised with 1µg LT plus 25µg Ag85B-ESAT6. After priming with SL3261mycolacZ indicates a further 

boost with 20µg LTK63 and shows mice intranasally boosted with 20µg LTK63 plus 25µg Ag85B-ESAT6. 

Those animals primed with the negative SL3261 control strain also received a 20µg LTK63 boost shown by and  

shows mice receiving the 20µg LTK63 plus 25µg Ag85B-ESAT6 intranasal boost. 
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6.3.2.2.2 IgG sub-class responses 

Sera prepared on days 50, 57 and 120 from primed and/or boosted mice were further 

analysed to ascertain Ag85B-ESAT6-specific IgG1:IgG2a sub-class ratios as an 

indirect assessment of the T-helper cell response bias (Figure 6.11). On all days, mice 

primed with SL3261mycolacZ (Groups 2) and boosted with PBS, LTK63 or Ag85B-

ESAT6 plus LTK63 (Groups 2a, 2b and 2c) were found to be more IgG2a-biased, as 

depicted by the low IgG1:IgG2a ratios. However, between these groups there was no 

development of IgG1:IgG2a profiles that were statistically different. Mice vaccinated 

with the SL3261 and then boosted with adjuvant and Ag85B-ESAT6 (Group 3c) had 

an IgG1 biased response, however it was not statistically different from groups 2, 2a, 

2b and 2c. Notably, mice dosed once with the adjuvant LT and Ag85B-ESAT6 

(Group 4) engendered a significantly greater proportion of IgG1-specific anti-Ag85B-

ESAT6 antibodies than those primed with SL3261mycolacZ (Groups 2 and 2c) on 

both days 50 and 120 (p < 0.001 on day 50 and p < 0.05 on day 120). 
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Figure 6.11: Day 50, 57 and 120 serum anti-Ag85B-ESAT6 IgG1:IgG2a responses.  

IgG1:IgG2a anti-Ag85B-ESAT6 responses were estimated by ELISA with sera prepared on days 50, 

57 and 120 from C57BL/6 mice primed with SL3261mycolacZ (Group 2 ( ), mice primed and 

boosted with LTK63 (Group 2b ( ), mice primed and boosted with LTK63 plus Ag85B-ESAT6 

(Group 2c ( ), mice primed with parental Salmonella strain and boosted with LTK63 and Ag85B-

ESAT6  (Group 3c ( ) and mice intranasally immunised with adjuvant LT and Ag85B-ESAT6 

(Group 4 ( ). Negative control mice i.e. PBS and SL3261 immunised had no detectable IgG subtype 

titres (data not shown). Statistical significance was determined by using the Kruskal-Wallis test 

followed by Dunn’s Multiple Comparison test (* p < 0.05 and *** p < 0.001). 
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6.3.2.2.3 Serum IgA responses.  

For a number of years the humoral response was considered non-protective against a 

number of intracellular pathogens (Andersen 1997; Collins 1991; Dunlap and Briles 

1993). Nevertheless, antibodies can protect against many viruses, all of which are 

obligate intracellular pathogens, or even against more complex intracellular micro-

organisms such as Toxoplasma gondii. Reviewed in (Burton 2002; Mineo, et al. 

1994). Although the role of antibody mediated immunity in protection against M. 

tuberculosis remains uncertain, exposure to M. tuberculosis does elicit the production 

of antibodies to several antigens (Laal, et al. 1997; Samanich, et al. 2001). In fact a 

number of studies have shown that IgA deficient mice are more susceptible to M. 

tuberculosis infection (Rodriguez, et al. 2005; Tjarnlund, et al. 2006). With this 

research in mind, systemic IgA response following administration of the 

SL3261mycolacZ inoculum was also analysed (see Table 6.5 for immunisation 

regimen). The levels of anti-Ag85B-ESAT6 IgA in the serum of the eleven groups of 

mice is shown in Figure 6.12. As already described for the systemic total Ig and IgG 

response, the anti-Ag85B-ESAT6 IgA was significantly higher in mice immunised 

with SL3261mycolacZ (groups 2, 2a, and 2c) when compared to negative control 

animals (groups 1, 1a, 3, 3a, 3b and 3c). However, only 80% of the mice that received 

SL3261mycolacZ plus an LTK63 boost (group 2b) seroconverted and were found not 

to be significantly different from the negative control mice. The anti-Ag85B-ESAT6 

IgA response in positive control mice (group 4) was 100-fold lower than that elicited 

by the other groups immunised with the candidate vaccine and only 40% of animals 

seroconverted (Figure 6.12A). Nasal boosting with antigen and adjuvant (group 2c) 

appeared to further enhance induction of anti-Ag85B-ESAT6 IgA in serum at day 57 

(Figure 6.12B). At the final time point (day 120), the titres of anti-Ag85B-ESAT6 IgA 

induced by immunisation with SL3261mycolacZ reached levels similar to those 

obtained from the negative control mice (i.e. undetectable). Notably, only one mouse 

in group 2c still had detectable IgA levels at this time point (Figure 6.12C).  
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Figure 6.12: Time-course of the serum IgA anti-Ag85B-ESAT6 antibody responses. 
As outlined in Table 6.5 C57BL/6 were orally vaccinated with approximately 5 x 109 CFU of SL3261mycolacZ on 

day 0 and then boosted with 25µg Ag85B-ESAT6 + 20µg LTK63 or appropriate antigen controls on day 50. 

Negative control mice were immunised with wild-type SL3261 or PBS, and then also boosted on day 50 with the 

suitable antigens. Positive controls received 1µg LT plus 25µg Ag85B-ESAT6 intranasally at day 0. Mice were 

left for 50, 57 and 120 days and then sample bled to determine anti-Ag85B-ESAT6 specific Ig antibodies, which 

were determined by ELISA. Serum IgA titres (A day 50, B day 57, and C day 120) from naïve and immunised 

animals are expressed in total antibody titres using a cut off of OD 0.3. The black bar shows the geometric mean 

from the group with the * indicates significant values of p < 0.05; **, p < 0.01 and ***, p < 0.001 as determined 

using the Kruskal-Wallis test followed by Dunn’s Multiple Comparison test compared to negative controls.  

represents naïve (PBS immunised) animals,   indicates animals immunised SL3261mycolacZ represents 

mice vaccinated with the SL3261 parental control strain and shows the positive control mice, i.e. those 

immunised with 1µg LT plus 25µg Ag85B-ESAT6. After priming with SL3261mycolacZ indicates a further 

boost with 20µg LTK63 and shows mice intranasally boosted with 20µg LTK63 plus 25µg Ag85B-ESAT6. 

Those animals primed with the negative SL3261 control strain also received a 20µg LTK63 boost shown by and  

shows mice receiving the 20µg LTK63 plus 25µg Ag85B-ESAT6 intranasal boost. 
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6.3.2.2.4 Mucosal immune responses.  

Secretory IgA (sIgA), being prominent at mucosal surfaces, plays an important role in 

the early defensive mechanisms against invading pathogens in the gastrointestinal, 

respiratory and urogenital tracts. sIgA can bind and intercept invading pathogens in 

the mucosal fluids, leading to their neutralisation or ‘exclusion’ of the infection by a 

number of mechanisms including; the agglutination of microbes, inhibition of their 

motility, blocking of their attachment to the mucosal epithelium by targeting bacterial 

adhesins, clearance of microbial products and activation of phagocytic cells. 

Reviewed in (Lamm 1997; Monteiro and Van De Winkel 2003; van Egmond, et al. 

2001). A recent study reported that an intranasally administered monoclonal IgA 

antibody significantly reduced the M. tuberculosis load in the infected lungs, and that 

this protective effect of IgA could be further extended by co-inoculation with IFN-γ 

(Reljic, et al. 2006). Since vaccination through the oral and nasal route has the 

potential to induce mucosal protective responses, I investigated the induction of IgA in 

nasal and lung washes of mice immunised with SL3261mycolacZ vaccine. I also 

compared the levels of mucosal IgA after the intranasal boosting. Table 6.5 

summaries the immunisation schedule. Mucosal Ag85B-ESAT6 specific IgA titres 

were demonstrated in both nasal and lung washes following immunisation with 

SL3261mycolacZ (group 2); responses were readily detected 50 days after the first 

dose (day 0) and were still present 7 days after boosting (day 57) (Figures 6.13A and 

B respectively). However, no mucosal IgA was observed in any groups after 

completion of the experiment at day 120 (Figure 6.13C). A slightly higher titre of IgA 

was observed in lung and nasal washes from mice immunised with SL3261mycolacZ 

and boosted intranasally with antigen plus adjuvant (group 2c) than in mucosal 

washes from those receiving SL3261mycolacZ with or without the negative control 

boosts (groups 2, 2a and 2b). No IgA antibodies were found in mice immunised with 

SL3261 (group 3) or PBS (group 1) (negative controls) including those mice receiving 

wild-type SL3261 plus LTK63 and Ag85B-ESAT6 boost (group 3c). An important 

observation was that systemic IgA (Figure 6.12) was 10- 100-fold higher in serum 

compared to those titres detected in mucosal washes (Figure 6.13). 
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Figure 6.13: Mucosal IgA induced by immunisation with Salmonella live vector vaccine.  
As outlined in Table 6.5 C57BL/6 were orally vaccinated with approximately 5 x 109 CFU of SL3261mycolacZ on 

day 0 and then boosted with 25µg Ag85B-ESAT6 + 20µg LTK63 or appropriate antigen controls on day 50. 

Negative control mice were immunised with wild-type SL3261 or PBS, and then also boosted on day 50 with the 

suitable antigens. Positive controls received 1µg LT plus 25µg Ag85B-ESAT6 intranasally at day 0. Lung and 

nasal washes were obtained on day 50 (A), day 57 (B) and on day 120 (C). Ag85B-ESAT6-specific 

IgA responses were measured by ELISA. Washes isolated from mice immunised with SL3261 parental 

strain or PBS served as negative controls. The black bar shows the geometric mean from the group with the * 

indicates significant values of p < 0.05; **, p < 0.01 and ***, p < 0.001 as determined using the Kruskal-Wallis 

test followed by Dunn’s Multiple Comparison test compared to negative controls.  represents naïve (PBS 

immunised) animals,   indicates animals immunised SL3261mycolacZ represents mice vaccinated with the 

SL3261 parental control strain and shows the positive control mice, i.e. those immunised with 1µg LT plus 

25µg Ag85B-ESAT6. After priming with SL3261mycolacZ indicates a further boost with 20µg LTK63 and 

shows mice intranasally boosted with 20µg LTK63 plus 25µg Ag85B-ESAT6. Those animals primed with the 

negative SL3261 control strain also received a 20µg LTK63 boost shown by and  shows mice receiving the 

20µg LTK63 plus 25µg Ag85B-ESAT6 intranasal boost. 
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6.3.2.3 Evaluation of cytokine responses after recombinant Salmonella 

vaccination 

Cytokines are key mediator molecules in the expression of acquired immunity in 

response to M. tuberculosis infection, with a range of cytokine needed for protection 

both during the active and latent stages of disease. T cells are the mediators of 

immunity, with macrophages being the effector cells. It is the production of cytokines 

by T cells, in response to infection, that activates resting macrophages harbouring 

mycobacteria within their phagosomes to induce antibacterial mechanisms, including 

reactive oxygen and nitrogen intermediates which can kill or arrest M. tuberculosis 

growth. Reviewed in (Flesch and Kaufmann 1993). The cytokine IFN-γ is the central 

mediator of macrophage activation (Raupach and Kaufmann 2001).  However, the 

role of cytokines to control mycobacterial growth is complex, with some having 

activating and some deactivating properties. During acute infection IL-2, IL-12 and 

IFN-γ are indicative of a protective TH1 type immune response with IL-6 also being 

implicated. Whereas TH2 type immune responses characterised by IL-4, IL-5 and IL-

10 have been described as cross regulatory as they promote antibody production and 

can inhibit macrophage activation. However, a number of studies have shown that 

after the initial TH1 protective immune response, a later TH2 type response may serve 

to limit the inflammatory response and minimise tissue damage at the site of infection 

Reviewed in (Kaufmann 2001; Rook and Hernandez-Pando 1996; Rook, et al. 2001). 

It is therefore the balance between both these anti-inflammatory and pro-

inflammatory cytokines throughout the course of infection that determines the 

outcome of the disease.  

 

To analyse the T-helper type of immune response induced in the different groups of 

immunised mice, I evaluated the cytokines secreted in cell culture supernatants 

derived from splenocytes after in vitro restimulation with the specific antigen (purified 

Ag85B-ESAT6 protein). CBA was used to determine the secreted levels of the 

cytokines; IFN-γ, IL-4, IL-6, and IL-2 and IL-5. Figure 6.14 illustrates the mean 

concentrations (pg/mL) of the various cytokines secreted from spleen cells for each 

group. As seen in Figure 6.14A, high and significant levels of IFN-γ secretion were 

observed from those groups of mice receiving SL3261mycolacZ plus or minus a boost 

(groups 2, 2a, 2b and 2c) when compared to both the negative control mice (groups 1, 
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1a, 3, 3a, 3b and 3c) as well as the positive control group (group 4) on days 50 and 57. 

In fact, the increase in IFN-γ secretion by mice primed with SL3261mycolacZ and 

boosted with Ag85B-ESAT6 plus LTK63 (group 2c) was significantly higher when 

compared to those just immunised with SL3261mycolacZ alone (group 2) (p < 0.001 

compared to p < 0.01 respectively). Moreover, IFN-γ levels persisted throughout the 

experimental period up until day 120, with those mice vaccinated and boosted 

showing significantly higher levels than any of the negative control mice (Figure 

6.14C). In contrast, spleen cells from groups 2, 2a, 2b and 2c secreted low, but 

significant, levels of IL-4 (p < 0.05) when compared to groups all other groups 

(except group 3c) at day 50 and 57. IL-4 production from mice receiving SL3261 plus 

Ag85B-ESAT6 and LTK63 intranasal boost (group 3c) was significantly higher than 

any other experimental group (p < 0.001) also at this time-point (Figure 6.14A). At 

day 120, mice in groups 2 still had modest but significant IL-4 levels, along with 

groups 2c and 4. Levels of IL-2 secreted in splenocyte supernatants were significantly 

increased 50 and then 120 days after oral immunisation with the SL3261mycolacZ 

and 7 and 70 days after the intranasal boosting (day 57 and day 120) when compared 

to groups 1, 1a, 3, 3a and 3b (Figure 6.14A and C). Notably, IL-2 levels as seen for 

IFN-γ levels were observed to be significantly higher in group 2c, compared to group 

2 at these time-points. High levels of IL-6 were also observed in mice immunised 

with SL3261mycolacZ alone at day 50, with those animals primed and boosted found 

to have a further significant increase of IL-6 (day 57) over the vector alone 

immunised animals (p < 0.01 compared to p < 0.05) (Figure 6.14A). As was observed 

for IL-4 cytokine levels, IL-6 production from mice in group 3c was found to be 

significantly higher than any of the experimental groups (p < 0.001) (Figure 6.14A). 

IL-6 levels continued to remain significantly higher throughout the study in groups 2c 

and 4 up until day 120 (Figure 6.14C). Lastly, levels of IL-5 secreted from those 

experimental groups receiving Ag85B-ESAT6 either through SL3261mycolacZ 

(groups 2, 2a, 2b and 2c) or purified protein (group 3c) were also significantly higher 

when compared to the negative control group’s at all experimental time-points, with 

group 4 only showing significant levels at day 120 (Figure 6.14A and C).  
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Figure 6.14: Ag85B-ESAT6-specific cytokine responses in mice immunised with Salmonella live 

vector vaccines.  

(A) Mice were immunised as described in Table 6.5 with spleens harvested on day 50 and 57, (C) and 

120. Cytokine responses were measured upon in vitro stimulation with Ag85B-ESAT6 for 36-42 hours. 

(B) Cells were also stimulated with conA (positive control) and RPMI+ media (negative control). 

Columns represent the mean (± SD) stimulation indices of splenocytes from five animals per group. 

The increase in cytokine levels between SL3261mycolacZ-primed, intranasally-boosted mice, 

compared to negative control mice, is indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001) as 

determined using the Kruskal-Wallis test followed by Dunn’s Multiple Comparison test. The 

sensitivities of the CBA was >1pg/mL for each cytokine. For Figures 6.14A and C, (1 and 1a) pink 

represents naïve (PBS immunised) animals, (2) blue indicates animals immunised with 

SL3261mycolacZ vaccine, (3) green represents mice vaccinated with the SL3261 parental control 

strain and, (4) purple shows the positive control mice, i.e. those immunised with 1µg LT plus 25µg 

Ag85B-ESAT6. After priming with SL3261mycolacZ, (2a) dotted blue shows a PBS boost, (2b) blue 

lines indicates a further boost with 20µg LTK63 and, (2c) blue hatched shows mice intranasally 

boosted with 20µg LTK63 plus 25µg Ag85B-ESAT6. (3a) those animals primed with the negative 

SL3261 control strain also received a PBS boost indicated by the dotted green, (3b) 20µg LTK63 boost 

shown by green lines and, (3c) green hatched shows mice receiving the 20µg LTK63 plus 25µg 

Ag85B-ESAT6 intranasal boost. For Figure 4.14B, block colours represent conA stimulated 

splenocytes with diagonal lines indicating RPMI+ stimulated splenocytes. Red shows IFN-γ, blue IL-4, 

pink IL-2, green IL-6 and purple IL-5.  
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6.3.2.4 Protective efficacy of the recombinant Salmonella vaccine candidate 

Challenge experiments were performed by Dr Jes Dietrich (Statens Serum Institute, 

Denmark) to evaluate whether the enhanced immune responses to Ag85B-ESAT6 

observed following mucosal priming with SL3261mycolacZ, and boosting 

intranasally with Ag85B-ESAT6 in combination with LTK63, conferred protection 

against M. tuberculosis challenge. One group of C57BL/6 mice were immunised with 

SL3261mycolacZ alone with another receiving SL3261mycolacZ plus an intranasal 

boost with purified Ag85B-ESAT6 in LTK63 twenty days after the initial oral 

vaccination. Mice in the negative control groups received either the parental strain of 

SL3261 or were left unvaccinated. As the vaccine BCG has consistently demonstrated 

good efficacy against M. tuberculosis infection in animal models, BCG was included 

in the experiment as a “gold standard” against which efficacy can be assessed. Four 

weeks after the last vaccination, the mice were subjected to an aerosol challenge with 

virulent M. tuberculosis. Another five weeks after challenge, the mice were killed and 

the bacterial numbers were determined in the lungs, spleen and liver. The results 

(Figure 6.15) showed that vaccination with SL3261mycolacZ lead to a bacterial (M. 

tuberculosis) burden of 6.4 ± 0.12 log10 CFU in the lungs, which wasn’t significantly 

different than the bacterial burden observed in naïve and SL3261 vaccinated mice. 

Mice receiving SL3261mycolacZ plus the intranasal boost showed a bacterial burden 

of 5.9 ± 0.09 log10 CFU, significantly lower than those mice in the negative control 

groups (p < 0.01) but not significantly different from BCG-vaccinated mice. In the 

spleen none of the immunised mice showed a significance difference in M. 

tuberculosis burden including those vaccinated with BCG when compared to those 

mice in the negative control groups. All mice vaccinated with SL3261mycolacZ with 

or without the intranasal boost were significantly different from both the naïve group 

and those mice receiving the SL3261 control strain in the liver (p < 0.01). Notably, 

the bacterial burden in those mice immunised with SL3261mycolacZ alone (4.35 ± 

0.2 log10 CFU) was still significantly higher (p < 0.01) when compared to the BCG 

vaccinated animals (3.25 ± 0.25 log10 CFU) and those mice primed and intranasally 

boosted (3.2 ± 0.11 log10 CFU).   
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Figure 6.15: Bacterial burden in vaccinated mice challenged with M. tuberculosis. 

Bacterial burden in vaccinated C57BL/6 mice (expressed as log10 CFU ± SD) compared with 

unvaccinated (naïve) and SL3261 parental immunised controls challenged by the aerosol route with 

pathogenic M. tuberculosis 8 weeks after the first vaccination. Five weeks post challenge, the mice 

were killed and the bacterial burden (CFU) was measured in the lungs, spleen and liver. The reduction 

in bacterial numbers in BCG vaccinated and SL3261mycolacZ-primed, intranasally-boosted mice, 

compared to negative control mice, is indicated (*, p < 0.05; **, p < 0.01) as determined by the 

Kruskal-Wallis test followed by Dunn’s Multiple Comparison test). (1) pink columns represent naïve 

(PBS immunised mice), (2) blue indicates mice vaccinated with SL3261mycolacZ, (3) blue hatched 

columns indicate SL3261mycolacZ and an intranasal boost with LTK63 and Ag85B-ESAT6, (4) green 

shows mice vaccinated with the SL3261 parental strain and, (5) finally purple represents BCG 

immunised animals.  
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6.3.3 Discussion 

In the present study I have shown that a heterologous prime-boost strategy utilising 

oral priming with a live attenuated recombinant S. Typhimurium SL3261 strain 

(SL3261mycolacZ), plus intranasal boosting with Ag85B-ESAT6 and the adjuvant 

LTK63, reduced numbers of tubercle bacilli in the lungs and livers throughout the 

course of M. tuberculosis infection comparable to BCG vaccinated control animals.   

 

Vaccination remains one of the most effective methods for managing infectious 

diseases and diminishing their negative economic impact. Ideally a vaccine should 

elicit innate and adaptive immune responses that result in protection of vaccinated 

animals against a challenge by the targeted pathogen. In addition, a vaccine should be 

easily administered and its use economically feasible (WHO 2007b). 

 

Attenuated Salmonella are an attractive means of delivering recombinant antigens for 

a number of reasons; they are inexpensive to manufacture, they are practical for large 

scale distribution, mucosal delivery of antigen is possible (i.e. oral), and the ability of 

Salmonella to colonise GALT and invade via the intestinal mucosa means they can 

induce both mucosal and systemic immune responses. As bacterial vectors, both S. 

Typhi and S. Typhimurium have been extensively studied using many bacterial, viral 

and protozoan antigens in both animal models and humans. Reviewed in 

(Kraehenbuhl JP 1998; Sirard, et al. 1999). As already discussed, immunisation at one 

mucosal inductive site (e.g., intestinal PP) can lead to an immune response at another, 

anatomically remote, mucosal effector site (e.g., lungs) due to the sub-networks that 

exist within the mucosal immune system, in particular the GALT-lung sub-network 

(Allen, et al. 2000; Challacombe, et al. 1997; Forrest, et al. 1991; Ruedl, et al. 1994). I 

reasoned, therefore, that a Salmonella-based live vector vaccine could be an excellent 

candidate to prime immune responses by delivering the foreign fusion antigen, 

Ag85B-ESAT6, directly into APC, while providing a strong TH1 cytokine milieu and 

other immunomodulatory signals that are important for clearance and protection. 
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Heterologous antigen delivery by Salmonella is largely dependent upon antibiotic 

selectable genes or by alternative methods, including no antibiotic-based vectors, 

balanced lethal stabilisation systems, or by chromosomal insertions. Owing to the 

apparent drawbacks of stability and antibiotic gene leakage, the antibiotic/plasmid-

based vector delivery systems means that further development for human use is 

doubtful (Bowe, et al. 2003). Chromosomal-dependent delivery systems do have 

promise as they are more stable, and constitutive expression of the protein of interest 

may allow enough antigen to induce potent immune responses. In fact, phase I human 

trails using the S. Typhi vaccine candidate ZH9 expressing LT-B and HepB core 

antigens were found to be safe and immunogenic, again highlighting the advantages 

of utilising this antigen delivery system (Khan, et al. 2007; Microscience 2004a; 

Microscience 2004b).  

 

I have successfully cloned the tuberculosis fusion antigen Ag85B-ESAT6 into the 

chromosomal phoN gene of the attenuated Salmonella vaccine strain SL3261. The 

ag85B-esat6 gene is under the constitutive control of the lacZ promoter with strong 

Ag85B-ESAT6 production readily detectable under in vitro growth conditions. 

Previously, Hess and colleagues used S. Typhimurium to express and secrete the M. 

tuberculosis protein Ag85B. They transformed SL7027 with a plasmid encoding the 

HlyB/HlyD/TolC export machinery (from E. coli) and the ag85b gene. Those mice 

vaccinated with the recombinant Salmonella strain were offered partial protection 

after intravenous challenge with M. tuberculosis (Hess, et al. 2000). A further study 

also used S. Typhimurium as a vector to export another M. tuberculosis antigen, 

ESAT-6, via the haemolysin (HlyA) secretion system. Immunised mice were found to 

have reduced numbers of tubercle bacilli in the lungs throughout the course of M. 

tuberculosis infection (Mollenkopf, et al. 2001). These previous studies have utilised 

plasmid based expression systems. However as already discussed, the use of 

multicopy plasmids has several physical and regulatory implications in the generation 

of vaccines intended for use in humans. In this present study I have overcome this 

stability issue by inserting the heterologous sequence into the bacterial chromosome. 

Therefore this expression system would hopefully be a more realistic basis for an 

efficient Salmonella delivery system of Ag85B-ESAT6 for use in humans based upon 

a S. Typhi construct. 
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Salmonella as well as M. tuberculosis are confined to the phagosome of macrophages 

and therefore have access to MHC II and presentation to CD4+ T cells. Lysis of 

macrophages enables cross priming of dendritic cells via vesicles that are carrying 

pathogen antigens and allows the subsequent generation of CTL via MHC I 

presentation.  I observed generation of antigen specific immune responses through 

both antibodies as well as cytokine production from splenocytes. High titres of anti-

Ag85B-ESAT6 IgG were detected in the serum of mice primed orally with 

SL3261mycolacZ and in animals primed and intranasally boosted with purified 

Ag85B-ESAT6 and the adjuvant LTK63, with prominence of the IgG2a subtype. The 

differential production of cytokines has important effects on the Ig isotype, and the 

high ratio of IgG2a to IgG1 antibodies specific for Ag85B-ESAT6 is consistent with a 

heightened TH1 response, since IFN-γ is required to stimulate IgG2a secretion and is 

associated with inhibition of IgG1 production (Mosmann and Coffman 1989). Indeed, 

the immunisation using attenuated recombinant Salmonella has already been reported 

as inducing a TH1-type response preferentially (Klimpel, et al. 1995; VanCott, et al. 

1996). Mice primed and then boosted with or without Ag85B-ESAT6 plus LTK63 

also exhibited significantly high IgA titres in both serum and lung and nasal washes. 

Importantly, the presence of antibodies in mucosal secretions indicates the induction 

of a specific mucosal immune response after Salmonella colonisation and expression 

of the foreign antigen in the GALT and trafficking of these responses to remote 

effector sites via the CMIS. 

 

The mouse strain used in this particular vaccine study was C57BL/6. Previous studies 

have shown that while vaccinated Balb/c mice tend to induce stronger TH2 type 

immune responses, C57BL/6 mice show a more robust TH1 phenotype. This mouse 

model is consequently used in many tuberculosis vaccination studies as TH1 immune 

responses are needed for subsequent protection after M. tuberculosis challenge.  

 

Determination of the cytokine profiles revealed that splenocytes from mice vaccinated 

with SL3261mycolacZ elicited significant inflammatory responses. As shown in 

Figure 6.14, priming mice with SL3261mycolacZ was sufficient to induce significant 

and long-lasting levels of all cytokines tested i.e. IL-4, IL-2, IL-5, IL-6 and IFN-γ. For 

a number of cytokines, their production was further elevated after intranasally 

boosting with Ag85B-ESAT6 and LTK63 (i.e. IL-6, IL-2 and IFN-γ).  Notably, the T 
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cell response was dominated by IFN-γ, the importance of which for the protection 

against M. tuberculosis has been shown in several studies (Kaufmann 2000). 

Interestingly, those animals primed with the parental SL3261 strain, and boosted with 

purified protein and adjuvant, exhibited strong production of the TH2-associated 

cytokines IL-4 and IL-5, however I only observed a minor TH2 response in 

SL3261mycolacZ immunised animals. A number of studies have shown that these 

cytokines, if produced in excess, may result in failure to control infection resulting in 

widely disseminated tuberculosis (Murray, et al. 1997). The differences in cytokine 

profiles between mice primed with the vaccine strain compared to those immunised 

with the negative control strain after boosting indicates the significant TH1 

environment the recombinant SL3261mycolacZ strain induces after administration.  

 

Finally, after a robust aerosol challenge with pathogenic M. tuberculosis mice 

immunised with SL3261mycolacZ were found to have a protective effect of 1.1 log10 

CFU reduction in the liver. Notably, priming mice with SL3261mycolacZ served to 

further enhance between a 0.6 and 3.2 log10 CFU reduction in the lung and liver 

respectively following boosting intranasally with Ag85B-ESAT6 and LTK63. 

Importantly I found that this protective effect was comparable to BCG vaccinated 

controls. As already discussed the Salmonella vaccine strain SL3261 can persist in 

mice for 3-4 weeks after administration. For the challenge study it was therefore 

important that all the recombinant Salmonella had been cleared before mice were 

infected with M. tuberculosis to ensure that immune responses being generated were 

only against M. tuberculosis and not any Salmonella present. This is why mice were 

not challenged with M. tuberculosis until 8 weeks after oral immunisation of 

SL3261mycolacZ.  Due to experimental constraints the challenge study was carried 

out by collaborators at the Statens Serum Institute, Denmark. Unfortunately, 

important control groups, i.e. SL3261mycolacZ plus adjuvant alone and LTK63 plus 

Ag85B-ESAT6 intranasal vaccination alone, were not included in these challenge 

studies and should be included when the vaccine candidate is tested again. However, 

from the Dietrich study it appears that one dose is not effective at stimulating potent 

enough immune responses to protect animals after M. tuberculosis challenge. They 

reported that three intranasal doses of Ag85B-ESAT6 plus LTK63 was optimum for 

significant reduction in M. tuberculosis CFU counts in both the spleen and the liver 

(Dietrich, et al. 2006).  In addition, mice are normally challenged with a low dose (~ 
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50 CFU) of M. tuberculosis for vaccination studies. The large dose used in this study 

(~ 500 CFU) may possibly have overwhelmed the immune responses generated after 

vaccination with the recombinant Salmonella vaccine SL3261mycolacZ and therefore 

may not be the most appropriate for obtaining a clear picture of the immunogenicity 

of the vaccine candidate. In addition, this large dose of pathogenic M. tuberculosis 

may have increased the chance of dissemination of the mycobacteria throughout the 

host and does not therefore represent pulmonary infection. Consequently, this 

experiment should be repeated, but next time using a low dose challenge to determine 

the potential of this novel tuberculosis vaccine candidate.  

 

In conclusion, I have demonstrated for the first time that the mice vaccination with 

attenuated S. Typhimurium expressing the Ag85B-ESAT6 protein via the 

chromosome is able to induce significant humoral and cellular immune responses and 

subsequently confer protection against experimental M. tuberculosis.  
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7 Final discussion 

Vaccination remains one of the most important strategies in the fight against 

infectious diseases, as it is based on the age-old adage “Prevention is better than 

cure”. The pathogens responsible for the greatest burden of human disease make 

initial contact at mucosal surfaces such as the respiratory tract, gastrointestinal tract or 

genitourinary tract. Administration of vaccines via this route is often required to 

induce protective immune responses, and there is consequently a great interest in 

developing mucosal vaccines against a variety of microbial pathogens. Mucosal 

vaccination has several advantages over parenteral vaccination, including the 

possibility of inducing immune responses at the site of administration, as well as 

induction of specific responses at distant sites, providing protective mucosal 

immunity. In addition to local responses against mucosally-acquired pathogens, 

mucosal vaccines have the potential to induce systemic immunity, including humoral 

and cell-mediated responses. The administration of mucosal vaccines also does not 

require the use of needles, potentially increasing vaccine compliance, reducing 

logistical burden, and minimising the risks of blood transmissible infections (e.g. 

HIV). 

Both intranasal vaccination and oral delivery of live attenuated recombinant vectors 

are promising mucosal immunisation strategies. It has been nearly 20 years since the 

first Phase I clinical trial of a live recombinant bacterial vaccine, and in that time there 

have been many more animal studies, as well as human trials, that have indicated the 

important role these biologicals may play in health-care programs in both developed 

and developing countries. Much of the progress in developing bacterial vectors has 

concentrated on the construction of attenuated recombinant strains of Salmonella, E. 

coli, Shigella, Listeria and BCG. As live vectors in general mimic natural infection, 

they can interact with the mucosal, humoral and cellular compartments of the immune 

system. In addition, recombinant bacteria are also able to stimulate innate immunity 

with APC, neutrophils and NKC playing central roles. 
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In this present body of work I have utilised Salmonella as a delivery system for the M. 

tuberculosis fusion antigen Ag85B-ESAT6. As already discussed, Ag85B-ESAT6 has 

been proven to induce significant antigen-specific immune responses and protection 

in a number of different vaccination regimens. However, as far as I know, this is the 

first study to express this immunodominant antigen in a live Salmonella vector. I 

employed both the in vivo inducible nirB and ssaG promoters in a plasmid based 

expression system as well as constitutive expression of the gene from the lacZ 

promoter, which was incorporated onto the Salmonella chromosome. These vaccine 

candidates were then tested for their ability to induce both systemic and mucosal 

antigen-specific immune responses. Expression of heterologous antigens in vaccine 

strains is currently largely plasmid-based, one reason being that plasmid copy number 

facilitates expression of sufficient antigen to engender an immune response. Both 

recombinant Salmonella vectors driving expression of Ag85B-ESAT6 from the in 

vivo inducible promoters were found to have significant immunogenicity, but only 

after a second oral dose and an intranasal protein boost. Chromosomal expression, 

with a single-copy nature and inherent stability, is preferable in clinical studies and 

consequently I developed the recombinant SL3261mycolacZ vector. I found that only 

one oral dose of this vaccine candidate was required to induce significant titres of 

both systemic and mucosal antibodies, as well as potent inflammatory cytokine 

responses. Furthermore, incorporating this recombinant Salmonella vaccine into a 

heterologous oral priming-intranasal boosting regimen increased these antigen 

specific immune responses further. As this vaccine candidate induced such significant 

immune responses after immunisation, I subsequently tested its ability to provide 

protection against aerosol M. tuberculosis challenge. I observed a significant 

reduction in M. tuberculosis CFUs in vaccinated mice that were comparable to the 

mice vaccinated with the current BCG vaccine. Regarding BCG, several studies have 

shown that the protective efficacy of BCG wanes significantly over a period of 10–15 

years which emphasises the urgent need for a BCG booster vaccine that efficiently 

boosts immunity in BCG-vaccinated individuals. If possible I would also use our 

recombinant Salmonella vaccine to boost pre-BCG immune animals and determine if 

the vaccine would be suitable as either as a replacement for BCG, and/or as an 

additional boost for BCG vaccinated individuals. 
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The S. Typhi ZH9 strain (Ty2 ∆aroC ∆ssaV) is an oral vaccine candidate against the 

disease typhoid fever, and is currently about to enter a 50,000 cohort Phase III 

efficacy study in India. As already discussed, this particular attenuated Salmonella 

vector has also been modified to deliver a number of heterologous antigens, and been 

shown to stimulate antigen-specific antibody responses in mice immunised with these 

S. Typhi ZH9 derivatives (Khan, et al. 2007; Microscience 2004a; Microscience 

2004b; Stratford, et al. 2005). Due to the success of manipulating this particular 

vaccine candidate as a vector to deliver foreign antigens in both human subjects and 

animal models, it may be possible to construct a recombinant strain expressing the 

tuberculosis fusion Ag85B-ESAT6 antigen via the ssaG or lacZ promoter within the 

Salmonella chromosome at the site of the attenuating aroC deletion. Animal studies 

would be performed to determine immunogenicity. As this particular Salmonella 

vaccine strain has already been tested in humans and was shown to be well tolerated, 

and induce specific immunity to the delivered foreign antigens, there may be the 

possibility of setting up a phase I clinical trial to look at reactogenicity/safety and 

immunogenicity of this oral vaccine candidate in human volunteers. 

 

Many also consider that intranasal immunisation is potentially a very effective route 

for inducing both mucosal and systemic immunity to an infectious agent, and believe 

that the exploitation of the advantages of this route of administration will be the basis 

for the next generation of vaccines (see Section 1.4.2 for more details). In this present 

study I found that when mice were vaccinated (with LT and Ag85B-ESAT6) via this 

route, the vaccine induced significant mucosal and systemic antigen-specific 

antibodies as well as high levels of a number of cytokines. The work in Chapter 3 

therefore highlights the possibilities of using this administration route as a viable 

vaccination strategy. 

 

 

 

 

 

 

 



Chapter 7. Final discussion 234

In addition to the generation of adaptive immune responses, the induction of innate 

immunity is also crucial for vaccines to elicit potent antigen specific immune 

responses and a greater understanding of innate immunity at mucosal surfaces is 

therefore required. The work presented in Chapter 5 comprises a comprehensive study 

into innate immune responses generated early after intranasal immunisation. I 

observed dynamic and diverse responses as early as 5 hours post intranasal 

administration of adjuvant and antigen, including significant increases and decreases 

of innate immune cell populations, their increased activation, and movement of cells 

within both the NALT and CLN into different compartments of these lymphoid 

tissues, i.e. follicular and parafollicular regions. The changes observed in the DC, 

macrophage, NKC and neutrophil populations suggests the movement of these cell 

types to and from the NALT and CLN, as well as trafficking back and forth from as 

yet undefined locations. However, it may be that the decrease I observe in APC at the 

early 5 hour time-point within the NALT and the 24 hour time-point in the CLN is 

actually apoptosis of resident cell populations, rather than their movement out of these 

tissues. A number of studies have shown that LT can actually induce apoptosis of 

CD8+ T cells, and it may be that one of the local effects of LT is to modulate 

regulatory cells populations which in turn may lead to apoptosis of these APC (Fraser, 

et al. 2003). Nevertheless, as I have not followed these cell populations I cannot 

speculate further and this may be something that can be performed so that I can obtain 

a more complete trafficking picture. Examination of CAMs did reveal a complex 

pattern of expression in the two tissues at all time-points. It appears that the NALT is 

a “cross-roads” for the movement of cells from several different mucosal 

compartments, due to the wide variety of CAMs expressed. This may help explain 

why intranasal vaccination is able to induce immune responses in several distal 

mucosal sites, including the gut and the genitourinary tract. As already discussed 

these molecules play key roles in inflammation and subsequent trafficking of cell 

populations, and our data may help with the design of preferential targeting/homing of 

vaccines to specific mucosal areas most appropriate for protection. The adjuvant LT 

can also affect antigen processing and presentation by macrophages and dendritic 

cells, and these may be why I see activation of these cell populations at these early 

time-points. Activation of these cells types may in turn induce activation of other cells 

types, i.e. NKC and neutrophils, through release of soluble immunomodulatory 

factors or direct interactions. Another explanation is that LT may be directing some 
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unknown effects on regulatory cell populations, which is turn leads to the unregulated 

activation of other cell populations. Shortly after intranasal immunisation I also 

observed that APC were located in areas not observed in naïve mice, and their 

position in the T and B cell areas might reflect their involvement in immunologic 

reactions taking place in these lymphoid tissues. I also observed the induction of GC 

within both the NALT and the CLN, as well as increased expression of VCAM-1 on 

APC, which may be involved in stabilising this GC formation. These data therefore 

highlight the importance of innate immune responses in the induction of adaptive 

immunity.  

 

Data obtained from the above study indicated that NKC were an important cell 

population involved in early immune responses after intranasal immunisation. 

Consequently I went on to examine their possible role in adaptive immunity after 

mucosal vaccination. I found that NKC depletion reduced TH1 type immune responses 

as indicated by undetectable IgG2a and IgG2b antibody titres, and significantly 

reduced IFN-γ and TNF-α production from stimulated splenocytes after intranasal 

immunisation. Previous work has shown us that NKC produce a variety of cytokines, 

including IFN-γ and TNF-α,  after their activation, and this may explain why I see a 

reduction in antigen-specific cytokine production in addition to an absence of the 

above antibody isotypes, as these cytokines are known to be involved in both IgG2a 

and IgG2b class-switching. In addition, I also observed that IL-6 production was 

significantly reduced. As already discussed, IL-6 is not detectably produced by NKC, 

but is by activated macrophages and dendritic cells. Therefore, the reduction in levels 

of this particular cytokine emphasises the role that NKC have in the ‘cross-talk’ and 

ensuing activation of APC. Previous studies have shown that the adjuvant LT is 

known to directly modulate APC. It is temping to speculate that it may also be 

directly interacting with NKC, possibly through their activation or inhibition 

receptors. It would therefore be of interest to analyse the expression of a selection of 

NKC receptors after contact with LT, and to possibly further characterise the 

mechanisms of LT, which may help in the rational design of new and improved 

mucosal adjuvants.  
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The work in this thesis has led to the development of a number of vaccines utilising 

the M. tuberculosis fusion antigen, Ag85B-ESAT6. I have demonstrated potent 

immunogenicity in all vaccine candidates, and in addition I observed that vaccination 

with the chromosomal recombinant Salmonella vaccine candidate, plus an intranasal 

boost, inferred levels of protection similar to those seen in BCG vaccinated mice. I 

have also outlined the complexity of innate immune responses induced early after 

intranasal immunisation. I have demonstrated that a number of innate immune cell 

populations are activated as early as 5 hours after administration of antigen. These 

cells possibly move between different mucosal compartments as  well as traffic into 

areas within both the NALT and the CLN that are involved in the induction of 

adaptive immune responses (i.e. T and B cell areas), as shown by the formation of 

GC. I have also demonstrated the diversity of CAMs expression on both vascular 

endothelium and cells after vaccination. It is hoped that the characterisation of these 

innate immune responses may help with the more rational design of mucosal 

vaccines. Finally, I have also demonstrated that NKC are important for the induction 

of antigen-specific adaptive immune responses after mucosal vaccination, and that the 

mechanism of induction is possibly through cytokine production as well as ‘cross-

talk’ and activation of APC.  
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Figure 8.1: Scatter plots of cell populations early after intranasal immunisation. 

Innate immune cell composition of NALT and CLN 5, 24 and 72 hours after intranasal immunisation. NALT 

and CLN cells were isolate from immunised Balb/c mice. Single cell suspensions (1 x 106/sample) were 

stained with flurochrome-labelled mAbs and analysed by flow cytometry. Figures 8.1A and B show CD11c+ 

and F4/80+ cells in the NALT 5 and 24 hours after immunisation, respectively with Figures 8.1C and D 

showing the same cells both in the CLN after both 24 and 72 hours. Figures 8.1E-G show DX5+ and Ly6G+ 

cells in the NALT, 5 (5.1E), 24 (5.1F) and 72 (5.1G) hours post immunisation and Figures 8.1H-J show 

these time-points in the CLN. Plots shown are from ten individual representative mice, and the mean values 

are indicated. Numbers in the upper plots refer to percentages of cells within leukocyte gate. 

 

Figure 8.1A: CD11c+ and F4/80+ cells in NALT 5hrs after immunisation 

 

Figure 8.1B: CD11c+ and F4/80+ cells in NALT 24hrs after immunisation 
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Figure 8.1C: CD11c+ and F4/80+ cells in CLN 24hrs after immunisation 

 

 
Figure 8.1D: CD11c+ and F4/80+ cells in CLN 72hrs after immunisation 

 

Figure 8.1E: DX5+ and Ly6G+ cells in NALT 5hrs after immunisation 

 
 
Figure 8.1F: DX5+ and Ly6G+ cells in NALT 24hrs after immunisation 

 

 

naive LT 

8.4 

7.8 

LT + Ag 

10.3 

5.8 

5.3 

7.5 

naive 

4.6 

3.8 4.0 

2.9 

3.9 

LT LT + Ag 

4.3 

3.6 

naive 

5.3 

5.7 

5.3 

6.7 

LT LT + Ag 

5.4 

7.6 

5.6 

6.9 4.9 

5.0 

2.4 



Chapter 8. Appendix 239

Figure 8.1G: DX5+ and Ly6G+ cells in NALT 72hrs after immunisation 

Figure 8.1H: DX5+ and Ly6G+ cells in CLN 5hrs after immunisation 

Figure 8.1I: DX5+ and Ly6G+ cells in CLN 24hrs after immunisation 

 

 
 
 
 
 
 
 
 

LT

3.4 

7.0 

5.4 

7.4 

naive 

7.6 

7.8 

LT + Ag 

naive 

4.3 

3.4 3.0 

5.8 

5.5 

10.4 

LT LT + Ag 

naive 

3.9 

3.5 5.9 

8.2 

LT

3.2 

8.9 

LT + Ag 



Chapter 8. Appendix 240

Figure 8.1J: DX5+ and Ly6G+ cells in CLN 72hrs after immunisation 
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Figure 8.2: Immunofluoroscent analysis of NALT and CLN early after intranasal immunisation. 

Both naïve (PBS immunised) and immunised (LT) Balb/c were compared. Figure 8.2A represents 

staining of frozen sections for CD11c in the NALT and CLN, 5, 24 and 72 hours post immunisation. 

Double immunolabeling of cell nuclei by Hoechst (blue) and CD11c (red). There was no staining using 

isotype control mAb (not depicted). Magnification = 28. Arrows indicate particular areas such as; B-

cell areas (follicular regions, FR), T-cell areas (parafollicular regions, PR), HEV and epithelial sides 

(ES). 
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Figure 8.2: Immunofluoroscent analysis of NALT and CLN early after intranasal immunisation. 

Both naïve (PBS immunised) and immunised (LT) Balb/c were compared. Figure 8.2B represents 

staining of frozen sections for F4/80 in the NALT and CLN, 5, 24 and 72 hours post immunisation. 

Double immunolabeling of cell nuclei by Hoechst (blue) and F4/80 (green). There was no staining 

using isotype control mAb (not depicted). Magnification = 28. Arrows indicate particular areas such as; 

B-cell areas (follicular regions, FR), T-cell areas (parafollicular regions, PR), HEV and epithelial sides 

(ES). 
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Figure 8.2: Immunofluoroscent analysis of NALT and CLN early after intranasal immunisation. 

Both naïve (PBS immunised) and immunised (LT) Balb/c were compared. Figure 8.2C represents 

staining of frozen sections for Ly6G in the NALT and CLN, 5, 24 and 72 hours post immunisation. 

Double immunolabeling of cell nuclei by Hoechst (blue) and Ly6G (red). There was no staining using 

isotype control mAb (not depicted). Magnification = 28. Arrows indicate particular areas such as; B-

cell areas (follicular regions, FR), T-cell areas (parafollicular regions, PR), HEV and epithelial sides 

(ES). 
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Table 8.1: Activation marker expression on NALT and CLN innate immune cells from 

immunised Balb/c mice.  

Percentage expression of activation markers MHCII and VCAM-1 on CD11c+ and F4/80+ cells (Table 

8.2A) and CD25 and CD69 on DX5+ and CD69 on Ly6G+ cells (Table 8.2B) of NALT and CLN from 

immunised Balb/c mice. Numbers represent the mean percentage of expression ± SD of groups of ten 

individual mice, from two independent experiments. The mean percentage values indicating the 

frequency of either, CD25+, CD69+, MHCII+ or VCAM-1+ cells, were calculated individually for each 

gated cell population expressing the corresponding surface marker (DX5+, Ly6G+, CD11c+ or F4/80+).  

The * indicates significant values of p < 0.05 and **, p < 0.01 as determined by one-way ANOVA 

followed by Dunnett’s Multiple Comparison Test compared to negative control animals (i.e. PBS 

immunised). Black represents those percentage values not significantly different to those seen in naïve 

mice; red indicates values significantly increased, and blue shows percentages significantly decreased 

in comparison to negative control mice.   

 

 

 

 

   5 hrs 24 hrs 72 hrs 5 hrs 24 hrs 72 hrs 
Leukocyte Tissue Immunisation  MHC II   VCAM-1  

  Naive 4.6 ± 1.0 4.5 ± 0.4 4.4 ± 0.2 3.1 ± 0.8 3.2 ± 0.5 3.4 ± 0.4 
CD11c+ NALT LT 4.2 ± 1.1 4.0 ± 0.8 4.1 ± 0.4 2.6 ± 0.7** 4.4 ± 0.5** 3.1 ± 0.4** 

  LT + Ag 4.0 ± 0.8 5.5 ± 0.8** 4.0 ± 0.3 2.6 ± 0.6** 4.0 ± 1.1 4.0 ± 0.8** 
  Naive 2.3 ± 0.2 2.1 ± 0.3 2.1 ± 0.2 1.7 ± 0.1 1.6 ± 0.3 1.8 ± 0.3 

CD11c+ CLN LT 2.9 ± 0.3** 1.7 ± 0.3** 2.6 ± 0.2** 1.9 ± 0.3 1.4 ± 0.2 2.5 ± 0.5** 
  LT + Ag 2.6 ± 0.4 1.5 ± 0.3** 2.9 ± 0.4** 1.7 ± 0.1 1.2 ± 0.2** 2.4 ± 0.4* 
  Naive 5.5 ± 1.1 5.4 ± 0.8 5.3 ± 0.5 3.8 ± 0.5 3.5 ± 0.6 3.8 ± 0.6 

F4/80+ NALT LT 5.9 ± 1.2 5.9 ± 1.3 5.7 ± 0.6 3.1 ± 0.3** 3.3 ± 0.6 3.8 ± 0.9 
  LT + Ag 4.7 ± 0.8 4.4 ± 0.3 4.8 ± 0.3 2.9 ± 0.2** 3.9 ± 0.7 4.4 ± 0.8 
  Naive 2.5 ± 0.3 2.6 ± 0.1 2.3 ± 0.3 1.6 ± 0.1 1.7 ± 0.2 1.6 ± 0.1 

F4/80+ CLN LT 2.7 ± 0.3 2.2 ± 0.1** 2.8 ± 0.2** 2.1 ± 0.2** 1.4 ± 0.1** 2.5 ± 0.5** 
  LT + Ag 2.1 ± 0.4 2.0 ± 0.2** 2.7 ± 0.3* 2.3 ± 0.4** 1.2 ± 0.1** 2.2 ± 0.3** 

   5 hrs 24 hrs 72 hrs 5 hrs 24 hrs 72 hrs 
Leukocyte Tissue Immunisation  CD25   CD69  

  Naive 2.3 ± 0.3 2.1 ± 0.4 2.0 ± 0.2 1.6 ± 0.1 1.4 ± 0.3 1.4 ± 0.4 
DX5+ NALT LT 1.7 ± 0.1** 2.3 ± 0.2 1.5 ± 0.1 1.2 ± 0.1** 1.4 ± 0.4 1.1 ± 0.2 

  LT + Ag 2.0 ± 0.2 4.3 ± 1.1** 3.1 ± 1.1** 1.1 ± 0.1** 1.3 ± 0.5 2.3 ± 0.4** 
  Naive 1.3 ± 0.4 1.1 ± 0.2 1.0 ± 0.2 0.7 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 

DX5+ CLN LT 1.5 ± 0.3 1.9 ± 0.6** 1.5 ± 0.4** 2.5 ± 0.8** 0.9 ± 0.3 0.9 ± 0.2 
  LT + Ag 3.8 ± 1.2** 1.6 ± 0.5* 1.1 ± 0.1 3.0 ± 1.1** 0.6 ± 0.1 0.7 ± 0.1 
  Naive    2.2 ± 0.2 2.3 ± 0.5 2.2 ± 0.5 

Ly6G+ NALT LT    1.2 ± 0.1** 3.1 ± 1.1** 2.6 ± 0.5 
  LT + Ag    0.8 ± 0.1** 1.9 ± 0.2 2.7 ± 0.6 
  Naive    0.7 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 

Ly6G+ CLN LT    0.5 ± 0.1 1.9 ± 0.3** 1.2 ± 0.4* 
  LT + Ag    0.9 ± 0.3 1.0 ± 0.1 0.6 ± 0.1 

Table 8.2B. 

Table 8.2A. 
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Figure 8.3: Mean Fluorescence Intensity (MFI) of activation markers on innate immune cell 

populations early after intranasal immunisation.  

Cells were isolated from the NALT and CLN of control (PBS immunised) and LT immunised Balb/c 

mice, 5, 24 and 72 hours after intranasal administration of antigen. Cells were analysed for CD11c+ and 

F4/80+ expression as well as MHC II and VCAM-1 expression (Figure 8.3A CD11c+/MHCII+; 8.3B 

CD11c+/VCAM-1+; 8.3C F4/80+/MHCII+ and 8.3D F4/80+/VCAM-1+). DX5+ populations were 

examined for CD25 and CD69 expression with Ly6G+ cells examined for CD69 expression (Figure 

8.3E DX5+/CD25+; 8.3F DX5+/CD69+ and 8.3G Ly6G+/CD69+). For analysis, gates were set on the 

innate subset marker positive (CD11c+, F4/80+, DX5+ and Ly6G+) cells and the MFI of MHC II, 

VCAM-1, CD25 and CD69 expression was determined. Data are presented as means ± SD with the * 

indicating significant values of p < 0.05 and **, p < 0.01 as determined by one-way ANOVA followed 

by Dunnett’s Multiple Comparison Test compared to negative control animals (i.e. PBS immunised). 

Green bars represent cells isolated at 5 hours, red at 24 hours and blue at 72 hours. Block colours 

represent naïve (PBS immunised) animals and, hatched lines show animal’s intranasally immunised 

adjuvant alone.  
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Figure 8.4: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation.  

Figure 8.4A represents staining of frozen sections for MAdCAM-1 in the NALT and CLN, 5, 24 and 

72 hours post immunisation with LT in Balb/c mice. Double immunolabeling of cell nuclei by Hoechst 

(blue) and MAdCAM-1 (red). White arrows and letters indicate particular structures i.e. HEV, MV 

(micro-vessel/blood vessel) and C (cells). There was no staining using isotype control mAb (not 

depicted). Magnification = 28.   
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Figure 8.4: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation.  

Figure 8.4B represents staining of frozen sections for PNAd in the NALT and CLN, 5, 24 and 72 hours 

post immunisation with LT in Balb/c mice. Double immunolabeling of cell nuclei by Hoechst (blue) 

and PNAd (red). White arrows and letters indicate particular structures i.e. HEV, MV (micro-

vessel/blood vessel) and C (cells). There was no staining using isotype control mAb (not depicted). 

Magnification = 28.   
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Figure 8.4: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation.  

Figure 8.4C represents staining of frozen sections for ICAM-1 in the NALT and CLN, 5, 24 and 72 

hours post immunisation with LT in Balb/c mice. Double immunolabeling of cell nuclei by Hoechst 

(blue) and ICAM-1 (red). White arrows and letters indicate particular structures i.e. HEV, MV (micro-

vessel/blood vessel) and C (cells). There was no staining using isotype control mAb (not depicted). 

Magnification = 28.   
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Figure 8.4: Differential expression of cell adhesion molecules in the NALT and CLN after 

intranasal immunisation.  

Figure 8.4D represents staining of frozen sections for VCAM-1 in the NALT and CLN, 5, 24 and 72 

hours post immunisation with LT in Balb/c mice. Double immunolabeling of cell nuclei by Hoechst 

(blue) and VCAM-1 (red). White arrows and letters indicate particular structures i.e. HEV, MV (micro-

vessel/blood vessel) and C (cells). There was no staining using isotype control mAb (not depicted). 

Magnification = 28.   
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Figure 8.5: Immunohistochemical evaluation of GC in both CLN and NALT from immunised 

Balb/c mice.  

Balb/c mice were immunised with either PBS (naïve) or 1µg LT. Figure 8.5 reveals the presence of GC 

in the NALT and CLN of immunised mice at 5, 24 and 72 hours post intranasal immunisation. Triple 

immunolabeling of B220-positive cells (green), PNA binding cells (red) and cell nuclei by Hoechst 

(blue) is shown for all images. White arrows indicate GC, or lack of in naïve animals. There was no 

staining using isotype control mAb (not depicted). Magnification = 28.   
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