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Abstract

The developm ent o f  new and improved vaccine formulations for human use requires the discovery 

o f  efficacious non-toxic adjuvants that enhance immune responses to poorly im munogenic purified native or 

recom binant antigens. In addition, the route o f vaccination may be an im portant factor in the generation of 

protective immunity against pathogens that infect the body through mucosal routes. Mucosal im m unisation is 

a favoured alternative to conventional parenteral routes, as it dispenses with the use o f  needles, is easier to 

adm inister and allows the induction o f  local as well as systemic immunity. In this study, three novel 

peptides/proteins from M ycobacterium tuberculosis, HIV and Plasmodium fa lciparum  form ulated with 

m utant bacterial toxins, C TA I-D D  or LTK63, as adjuvants with chitosan as a delivery vehicle were 

evaluated for their ability to generate antigen-specific cell-m ediated and humoral immune responses 

following nasal im munisation. Intranasal immunisation with the peptides/proteins in the absence o f  adjuvant 

generated weak Th cell responses. However, formulation with LTK63 and chitosan enhanced antigen- 

specific T hl responses to the nasally administered antigens. In addition, the combination o f C T A l-D D  with 

chitosan enhanced the generation o f antigen-specific IgG antibodies. The results suggest that immune 

responses can be generated with poorly immunogenic antigens by the nasal route, using a com bination o f 

non-toxic mucosal adjuvants and an appropriate antigen delivery system.

In addition to modified bacterial toxins, pathogen-associated m olecular patterns, including toll-like 

receptor (TLR) ligands, that activate innate immune responses, act as adjuvants to promote the induction o f 

effector T hl or Th2 cells to co-adm inistered antigens. However, this study demonstrated that TLR ligands 

and a range o f other adjuvants simultaneously prom ote the induction o f  IL-lO-secreting regulatory T (Tr) 

cells and T hl or Th2 cells. These Tr cells were shown to suppress IFN-y production from a T hI-type cell 

line. Furthermore, a licensed human vaccine, the whole cell pertussis vaccine, induced T rl cells as well as 

T h l cells. However, using an established murine model against B ordetellapertussis  infection, it was shown 

that the generation o f antigen-specific IL-IO-secreting Tr cells did not compromise the ability o f the vaccine 

to confer protection against B. pertussis infection in an established animal model. The findings suggest that 

the induction o f Tr cells by pathogen-derived molecules may be a natural mechanism to control immune 

responses to the pathogen.

It has been previously dem onstrated that T hl responses, particularly the cytokine IFN-y, play a 

critical role in protective immunity to intracellular bacteria. The production o f IL-12 by m acrophages and DC 

play an important role in the induction o f  IFN-y-secreting T hl cells. Previous studies have shown that the 

tellurium containing im m unom odulatory molecule, AS 101, can enhance T hl responses and suppress the 

production o f  the regulatory cytokine, IL-10. This study dem onstrated that A SlO l enhances IL-12 production 

from dendritic cells by upregulating phosphorylation o f the MAP kinase P38. In addition, IL-10 inhibition 

was shown to be associated with a reduction in ERK phosphorylation. In an investigation o f the potential role 

o f A SlO l as a com ponent in a vaccine formulation with CpG-ODN or CT, it was shown that A SlO l was 

capable o f enhancing T hl responses to a bystander antigen, while simultaneously inhibiting Th2 and T rl 

responses. This may explain its therapeutic abilities in the treatm ent o f  cancer where Tr cells are enhanced 

and T h l are defective.
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Chapter 1 

General Introduction



1.1 Introduction

The Greek historian Thucydides described, in The History o f  the Peloponnesian 

War, a plague that decimated the population of Athens in 430 B.C. Having given a 

remarkably detailed account of the disease, he went on to say that the sick were cared for 

by those who had recovered from the disease, because “no one was afflicted twice”. 

Clearly the Athenians and probably other ancient cultures as well, understood that 

immunity to certain diseases is acquired while recovering from the infection. During the 

following centuries, it became well established that recovery from some diseases confers 

lifelong immunity to that disease. However, the basis for this immunity remained a 

mystery until 1890, when S. Kitasato and E. von Behring published their studies on tetanus 

toxin. They reported that animals became immune to the toxin after they had been injected 

with a small amount o f denatured tetanus toxin. Furthermore, they reported that blood 

from these animals contained a substance capable o f inactivating native tetanus toxin, and 

that the serum could confer immunity to tetanus, when transferred to other animals. These 

discoveries led to practical methods for vaccinating humans against tetanus and for 

preventing the onset o f the disease in non-immunized individuals who were exposed to the 

bacterium. Since then huge advancements have been made in our understanding o f how 

the immune system protects the body from a daily barrage o f pathogens. An array of 

different immune cell types have been identified, each with particular functions that 

together to ensure the removal o f infectious agents and to maintain a state o f immunity to 

the infection.

1.2 Immunity

Immunity is the ability to resist damage from invading microorganisms, such as 

bacteria and viruses. Immunity is catagorised as innate (non-specific) or adaptive 

(specific). The main components o f the innate immune system include:

1. Mechanical mechanisms that prevent the entry o f microbes into the body, or that 

physically remove them from the body surfaces, e.g. skin and mucous membranes.

2. Chemical mediators that act directly against microorganisms or that activate other 

mechanisms leading to the destruction o f the microorganisms, e.g. the complement 

cascade, interferons and other cytokines and chemokines.

3. Cells involved in phagocytosis and the production o f cytokines that participate in the 

response o f the immune system, for example, dendritic cells (DC), macrophages, 

natural killer (NK) cells, neutrophils and y5 T cells.
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4. Inflam m ation that m obilizes the immune system and isolates the m icroorganism s 

until they can be destroyed (M edzhitov and Janeway 1997; Fearon 2000).

A daptive im munity involves the ability to recognize, respond to and recall the 

recognition o f a particular antigen. Foreign antigens com prise com ponents o f  bacteria, 

viruses and other m icroorganism s. Adaptive immunity to foreign antigens involves two 

arms, hum oral immunity and cell m ediated immunity. B cells give rise to plasm a cells that 

produce antibodies, which m ediate hum oral or antibody-m ediated im munity, whereas T 

cells are responsible for cell-m ediated immunity.

1.3 Innate Immunity

Following invasion o f  the body by a pathogen, the first line o f defense is provided 

by the innate immune system. This, as its name suggests, is an evolutionarily derived 

system capable o f  recognising infectious agents or pathogens (Hoffm ann, Kafatos et al. 

1999). If  a pathogen breaches an epithelial layer, innate cells and soluble protein effectors 

arrive at the site o f  infection to elim inate it. These innate responses are prim arily mediated 

by phagocytic cells, including, m acrophages, polym orphonuclear neutrophils (PM N) and 

dendritic cells (DC). These cells secrete a variety o f  inflam m atory m ediators and 

cytokines in response to pathogens, which are im portant in the regulation o f  adaptive 

immune responses. These include tum or necrosis factor alpha (T N F-a), interleukins (IL), 

like IL-8 and IL-12, as well as the chem okines m acrophage inflam m atory proteins- (M IP)- 

l a  and ip  (renam ed CCL3 and CCL4 respectively). Innate immune cells recognize 

pathogens via various cell surface receptors, called pattern recognition receptors (PRRs) 

(M edzhitov and Janew ay 2000). These include CD 14, the m acrophage m annose receptor 

(M M R), integrins and the Toll-like receptors (TLRs) (M edzhitov and Janew ay 1997; 

Aderem  and Ulevitch 2000). PRRs respond to pathogen-specific com ponents, which have 

been referred to as pathogen-associated m olecular patterns (PAM Ps) (Janew ay 1989), such 

as the bacterial m em brane associated lipopolysaccharide (LPS) and unm ethylated cytosine 

phosphate guanosine (CpG) m otifs found in bacterial DNA.

The cells responsible for innate im m unity that bear the germ line encoded 

recognition receptors include m onocytes and m acrophages, DC, m ast cells, neutrophils, 

eosinophils and NK cells. Their main aim is to rem ove pathogenic m icrobes by rapidly 

differentiating into short-lived effector cells. In m ost cases, the resulting inflam m atory 

response is sufficient to clear the infection. In other instances where the innate immune 

response is unable to deal with the infection, an adaptive immune response is necessary.

3



The innate immune system also plays a role here by instructing the adaptive immune cells, 

depending on the nature o f the pathogenic challenge. This is achieved in part through the 

upregulation o f costimulatory molecule expression, like B7.1 (CD80) and B7.2 (CD86) 

found on antigen presenting cells (APC) such as DC (Fearon and Locksley 1996; 

Banchereau and Steinman 1998). The genes for these and other innate cytokine responses 

are regulated by a range o f transcription factors, including nuclear factor kB (NF-kB).

1.3.1 Monocytes and macrophages

Monocytes represent a large pool o f circulating precursors o f macrophages and 

DCs. Monocytes can differentiate into macrophages in an IL-6/M-CSF-dependent fashion. 

Yet, in inflamed tissue, TNF induces monocytes to become DC (Chomarat, Dantin et al. 

2003). Although DC are recognized as being the most potent APC population for priming 

both CD4^ and CD8^ T cells in vivo (Bell, Young et al. 1999), macrophages are also 

involved in presentation o f antigen to T cells. Macrophages recognize a wide range of 

endogenous and exogenous ligands and respond by maintaining homeostasis as well as 

functioning in host defense, involving both innate and acquired immunity, while also 

playing a role in autoimmunity, inflammation and immunopathology (Gordon 2002). 

Macrophages recognize pathogens through a wide variety o f receptors, including 

scavenger receptors that function in phagocytosis o f bacteria and apoptotic cells, integrin 

receptors that mediate phagocytosis and adhesion to endothelium and TLRs that respond to 

ligands such as LPS (TLR4) or peptidoglycan (TLR2) (Taylor, Martinez-Pomares et al. 

2005). Macrophages are markedly heterogeneous and express very different phenotypes in 

different tissue and in response to different pathogens, reflecting their function within 

particular microenvironments. As well as distinct subpopulations in lymphoid organs, 

macrophages are also found in non-lymphoid organs, such as the liver (Kuppfer cells), 

lung (alveolar), nervous system (microglia), epidermis, reproductive organs, the lamina 

propria of the gut and interstitium of organs such as the heart, pancreas and kidneys.

The exposure of macrophages to microbial products and cell-derived cytokines, 

such as interferon-y and IL-4, in vitro and in vivo, has been shown to induce different 

activation states in these cells, adding to further heterogeneity (Gordon 2003). Although 

many pathogens are ingested by macrophages, a number o f microorganisms, such as 

mycobacteria, that cause tuberculosis or leprosy, can grow primarily in the 

phagolysosomes o f macrophages where they are protected from the effects of both 

antibodies and cytotoxic T cells. In these types of infections, CD4^ T cells are needed to 

provide activating signals for macrophages. This signal is provided by the production of
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IFN-y and the interaction with CD40 on the m acrophage with CD40 ligand (CD40L) 

expressed on T cells. Activated m acrophages are extrem ely effective in destroying 

pathogens and needs to be tightly regulated to prevent localized tissue dam age. T cells are 

also involved in controlling m acrophage activation by regulating IFN-y production through 

the secretion o f regulatory cytokines, such as TGF-(3, IL-10 and IL-13, by activated Th2 or 

regulatory T cells (Paulnock 1992).

1.3.2 Natural Killer (NK) Cells

NK cells develop in the bone m arrow from com m on lymphoid progenitor cells and 

circulate in the blood. N K  cells have cytolytic activity against tum ours (K iessling, Klein et 

al. 1975; K iessling, Klein et al. 1975; W u and Lanier 2003) and pathogen-infected cells 

(Biron, Nguyen et al. 1999). They also secrete a selection o f  cytokines, especially  IFN-y in 

response to IL-12 produced by DC and m acrophages during infections (Trinchieri 1995). 

NK cells also secrete tum our necrosis factor (TNF) and granulocyte-m acrophage colony- 

stim ulating factor (GM -CSF). Secretion o f  these cytokines and chem okines is regulated 

following the engagem ent o f  different cell-surface receptors by their specific cellular 

ligands. The best characterised o f  which are those specific for MHC class I m olecules. 

These are inhibitory N K -receptors that can prevent undesirable responses to healthy cells 

that express a norm al set o f  self-M HC molecules. Two distinct fam ilies o f NK receptors 

have been identified: the C-type lectin-like family (Ly49, N KG 2D  and CD94/N KG 2) and 

the im m unoglobulin-like family (K lRs and LIRs) (Natarajan, Dimasi et al. 2002), which 

recognize M HC class I molecules. More recently, activating NK-cell receptors have been 

identified (W u and Lanier 2003). These are m em bers o f  a heterogeneous family o f  N K - 

specific im m unoglobulin-like m olecules that are known as natural cytotoxicity receptors 

(NCRs); m em bers o f  the lectin superfam ily that are expressed by NK  cells and CTL. The 

presence o f  these receptors, suggest that it is possible to consider that NK  cells might be 

prim ordial effectors o f  innate immunity that have evolved M H C-specific inhibitory 

receptors in order to adapt to the needs o f  the m ore recent and sophisticated defense 

m echanism s o f  the adaptive immune response.

1.3.3 y5 T Cells

y5 T cells are a m inor subset o f T cells that express receptors that are distinct from 

the a P  receptors found on the m ajority o f T cells involved in adaptive immunity. yS T 

cells are divided into two highly distinct sets o f  cells. One set o f  y5 T cells is found in 

lymphoid tissue and display highly diversified receptors. In contrast, intraepithelial y5 T
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cells occur variably in different vertebrates and are found in epithelial tissue, such as the 

lining o f  the gut and com m only display receptors o f  a very limited diversity. It is thought 

that these y5 T cells may recognize ligands that are derived from the epithelium  in which 

they reside but are expressed only when a cell has become infected. y5 T cells appear to 

recognize target antigens directly and not as peptides presented by M HC m olecules 

(Allison and Garboczi 2002). For this reason y8 T cells are considered as an interm ediate 

cell between the innate and adaptive immune systems. It has also been suggested that y8 T 

cells m ay possess regulatory functions in m odulating immune responses, as m ice deficient 

in y5 T cells possessed exaggerated responses to various pathogens and se lf tissues, but 

retained the ability to control pathogens (Carroll and Prodeus 1998).

The m echanism s by which y5 T lym phocytes m igrate to inflamed sites are poorly 

understood. Some studies have shown that LPS-induced y5 T cell m igration is dependent 

on TLR4 and sensitive to CC chem okine-binding protein inhibition (Shim ura, N itahara et 

al. 2005). In addition, using MCP-1 neutralizing Abs and genetically deficient mice, LPS- 

and BCG -induced y5 T cell influx to the pleural cavity o f  m ice can be orchestrated by the 

CC chem okine MCP-1 (Penido, V ieira-de-A breu et al. 2003). CpG ODN has also been 

found to activate y5 T cells in the absence o f  an additional stimulus and synergistically 

increased responsiveness to cell-type-specific antigens for y5 T cells and N K -sensitive 

tum or cells for NK cells (Rothenfusser, H om ung et al. 2001). y5 T cells were activated via 

IF N -a /p  released by CpG ODN -stim ulated PBM C. Purified y8 T cells did not respond to 

CpG-ODN but to recom binant IF N -a/p , suggesting that specific CpG-OD N, based on their 

ability to induce high am ounts o f  IF N -a /p  represent strong adjuvants for y8 T cells to non

protein antigens. Early IF N -a /p  dependent stim ulation o f  IFN-y synthesis in N K  cells and 

y5 T cells may contribute to the CpG O DN -induced T h l bias o f  an evolving immune 

response (Rothenfusser, H ornung et al. 2001). M ore recent studies have shown that DC 

are necessary as accessory cells for m icrobial antigen-m ediated y5 T cell activation. IL-12 

production, adhesion o f  LFA3/CD 2, L F A l/IC A M l and binding o f costim ulatory 

m olecules, M HC I and N K -activating receptor GD2, play a significant role along with the 

TCR in activating y5 T cells (Das, Sugita et al. 2004).

1.3.4 Neutrophils

A long with m acrophages, neutrophils make up the first wave o f cells that cross the 

blood vessel wall to enter inflam m atory sites. This occurs through a process m ediated by 

adhesive interactions that are regulated by m acrophage-derived cytokines and chemokines.
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Upon arrival, neutrophils quickly initiate microbicidal functions, including the production 

o f antimicrobial products and proinflammatory cytokines that serve to contain the 

infection. This allows the acquired immune system enough time to generate sterilizing 

immunity and memory. Neutrophils detect the presence o f a pathogen through germ line- 

encoded receptors, like TLRs. Neutrophils express all the TLRs except TLR3. The 

agonists o f all TLRs expressed in neutrophils trigger or prime cytokine release and 

superoxide generation while inhibiting chemotaxis to IL-8 and increasing phagocytosis. 

The chemokine expression profile suggests that TLR-stimulated neutrophils recruit innate, 

but not acquired, immune cells to sites of infection (Hayashi, Means et al. 2003). After 

bacterial infection, neutrophils dominate the cellular infiltrate. Their main function is 

assumed to be killing invading pathogens and resolving the inflammation they cause. 

Activated neutrophils are also known to release extracellularly a variety o f molecules, 

including the neutrophil serine proteinases. These proteinases create a proteolytic 

environment where degradation o f different molecules modulates the inflammatory 

response. Human and mouse neutrophil serine proteinases cleave flagellin, the structural 

component of flagella on many bacterial species, from Pseudomonas aeruginosa and other 

bacterial species. Cleavage of P. aeruginosa flagellin by neutrophil serine proteinases, 

neutrophil elastase and cathepsin G, resulted in loss o f the biological activity o f flagellin, 

as evidenced by the lack o f innate host defense gene expression in human epithelial cells 

(Lopez-Boado, Espinola et al. 2004). Neutrophils are also a source o f chemokines and 

cytokines involved in the generation of Thl responses.

T. gondii triggered neutrophil synthesis of CC chemokine ligands (CCL)3, CCL4, 

CCL5, and CCL20, chemokines that are strongly chemotactic for immature DC 

(Bennouna, Bliss et al. 2003). Moreover, supernatants obtained from parasite-stimulated 

polymorphonuclear leukocytes induced DC to produce IL-12(p40) and TN F-a. Parasite- 

triggered neutrophils also released factors that enhance the expression of CD40 and CD86 

on DC and this response was dependent upon parasite-triggered neutrophil TN F-a 

production (Bennouna, Bliss et al. 2003). Polymorphonuclear leukocytes exert an 

important influence on DC activation in vivo, as neutrophil-depleted mice displayed 

severely suppressed IL-12 and TN F-a production from splenic DC suggesting a regulatory 

role for neutrophils in DC function during microbial infection. This also suggests that 

interaction between these cell populations is an important component o f the innate immune 

response to infection (Bennouna, Bliss et al. 2003).
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1.3.5 Dendritic cells

DCs are the most efficient APC and have been termed professional APC due to the 

fact that they have receptors to recognize multiple pathogens. DCs are also the only APC 

that can induce primary immune responses, thus permitting the establishment of 

immunological memory (Banchereau and Steinman 1998; Bell, Young et al. 1999). They 

were originally identified in 1868 by the German anatomist Paul Langerhans, who mistook 

them for nerve endings in the skin. Their true function eluded scientists for nearly a 

century, in part due to their rarity, as they comprise only 0.2% of white blood cells and are 

present in even smaller quantities in tissues, such as the skin. DC progenitors in the bone 

marrow give rise to circulating precursors that home to tissues where they reside as 

immature cells with high phagocytic capacity. In the event of infection or tissue damage, 

these immature DC capture antigen and subsequently migrate to the lymphoid organs 

where they select antigen-specific T cells. DCs present antigen to CD4^ T-helper cells, 

which in turn regulate other immune effectors like antigen specific CD8^ T cells and B 

cells, along with non-antigen specific macrophages, eosinophils and NK cells.

There are two major sub-populations of DC in mice, referred to as myeloid and 

lymphoid DC from their distinct developmental pathways. DC of myeloid origin arise 

from myeloid-committed precursors in the presence o f GM-CSF, and are characteristically 

CD8a". DC can also arise from lymphoid-committed precursors giving rise to DC that are 

CD8a^ (Vremec and Shortman 1997). Lymphoid and myeloid DCs differ in phenotype, 

localization and function. Lymphoid DC are found near the periarteriolar lymphatic 

sheaths (PALS) in spleen and lymph nodes. However, myeloid DC are located in the 

marginal zone o f the spleen, but under certain conditions, such as stimulation with LPS, 

can be induced to migrate to the PALS. Myeloid DC are more phagocytic than lymphoid 

DCs, but secrete less IL-12. lL-12 is capable of inducing lymphoid, but not myeloid DC, 

to secrete IFN-y. There are similarities between the subsets, which include the expression 

of high levels o f CDl Ic and MHC class II, as well as the co-stimulatory molecules CD86 

and CD40 on mature forms o f these cell types. At present, the best way to discriminate the 

two subsets is through C D 8a expression, which is only present as a homodimer on 

lymphoid DC (Maraskovsky, Brasel et al. 1996; Wu, Li et al. 1996; Pulendran, Lingappa et 

al. 1997; Vremec and Shortman 1997). Other markers like DEC205 and CD Id are present 

at higher levels on lymphoid DC, but can be up-regulated on myeloid DC following in 

vitro stimulation with LPS. A further population of DC, termed Langerhans cells (LC) are 

found in the dermis and their relationship with myeloid and lymphoid cells is not 

completely understood. However it is thought that transforming growth factor p (TGF-p)
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is involved in their developm ent as TGF-P knockout mice are devoid o f  LC but not o f  their 

precursors (Borkowski, Letterio et al. 1996).

In hum ans there is greater DC heterogeneity. Precursor populations and anatom ical 

locations provide a diverse selection o f different DC that can be either CD 14^ and C D l Ic^ 

or C D l lc ' and IL -3R a^ (O 'Doherty, Steinman et al. 1993; Grouard, R issoan et al. 1997; 

O lweus, B itM ansour et al. 1997). Both m urine and human DC subsets have different 

functions with regards the outcom e o f an immune response. DCs play a m ajor and 

im portant role in the initiation o f  the adaptive immune response. DC also regulate B cell 

proliferation and are involved in the regulation o f naive T cells to differentiate into either 

type 1 (T h l)  or type 2 (Th2) T cells.

DC are very m otile cells and can accum ulate within an hour at the site o f  an 

infection (M cW illiam , Napoli et al. 1996). Im m ature DC in the tissues can adopt several 

m echanism s or pathways to capture antigen. DC have been shown to be capable o f 

m acropinocytosis (Sallusto, Celia et al. 1995), receptor-m ediated endocytosis through 

receptors such as TLRs, m annose receptor (Engering, Celia et al. 1997; M om m aas, M ulder 

et al. 1999; Reis e Sousa, Sher et al. 1999) and DEC-205 (Jiang, Swiggard et al. 1995), 

phagocytosis o f particles like latex beads (M atsuno, Ezaki et al. 1996), uptake o f  viruses, 

bacteria and intracellular parasites, and the removal o f  apoptotic and necrotic cell 

fragm ents (Rubartelli, Poggi et al. 1997; Albert, Pearce et al. 1998; A lbert, Sauter et al. 

1998). Following antigen capture, the DC m igrates to the lymphoid organs and 

subsequently undergoes a process o f m aturation. During these processes the DC changes 

m orphologically, developing dendrites that generate high cellular m otility due to 

cytoskeletal reorganisation. The m aturation process also induces changes in the cell by 

ceasing endocytosis/phagocytosis, due to a loss o f receptors, while co-stim ulatory 

m olecules such as CD40, CD58, CD80 and CD86 are all up-regulated. This occurs in 

response to the production o f  several chem okines, which invoke a response from different 

DC subsets. DC m igrate to the draining lymph node in response to secreted chem okines 

such as the m acrophage inflam m atory proteins (M IP). This fam ily o f  chem okines can 

attract not only DC but also naive T lym phocytes and so are considered to play a key role 

in introducing antigen-bearing DC to specific T cells (Gunn, Tangem ann et al. 1998).

The ability to prime naive CD4^ T cells constitutes a unique and critical function o f 

DC. Equally im portant is the ability o f  antigen loaded DC to stimulate the proliferation o f 

CD8^ T cells directly in the absence o f  T cell help (Rock and Goldberg 1999). The high- 

density expression o f m olecules unique to DC facilitates T cell priming. M HC-peptide 

com plexes are 10-100 fold higher on DC than on other APC like B cells and m acrophages
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(Inaba, Pack et al. 1997). T cell subset interaction with M HC is the first signal in the 

activation o f T cells. The interaction o f  costim ulatory m olecules, particularly CD 86 on DC 

with CD28 on T cells constitutes a second critical signal that allows for the am plification 

o f  T cell responses (Caux, Vanbervliet et al. 1994; Inaba, W itm er-Pack et al. 1994).

Recent studies suggest that NK cells and DC interact (Cooper, Fehniger et al. 2004; 

Terrazzano, Pisanti et al. 2004). Im m ature DC were more likely to be killed by N K  cells, 

w hereas m ature DC with up-regulated expression o f M HC class I, were resistant to 

autologous N K cell killing (M oretta, Ferlazzo et al. 2003). This would suggest that the two 

types o f  cell could influence the m aturation o f  each other. DC act during the prim ing 

phase o f  N K-cell activation and NK cells can prom ote DC m aturation and cytokine 

production. The DC/NK -cell relationship is thought to begin after a DC encounters a 

pathogen and secretes cytokines such as IL-12, w hich is a potent inducer o f  IFN-y 

production by NK cells (M ailliard, Son et al. 2003).

1.4 Pattern recognition receptors

The innate immune system uses a variety o f  PRR to initiate a response. They can 

be expressed at a cellular level, either on the cell or in intracellular com partm ents, or they 

can be secreted into the bloodstream  (M edzhitov and Janeway 1997). Their m ain roles 

include opsonisation, phagocytosis, apoptosis induction, activation o f  com plem ent and 

coagulation cascades and triggering o f proinflam m atory cytokine pathways. Several cell 

surface receptors expressed on m acrophages function as PRRs that m ediate phagocytosis 

o f  m icroorganism s. M acrophage m annose receptor (M M R) is a C-type lectin family 

m em ber and is closely related to DEC205, which is expressed on DCs (Fraser, Koziel et al. 

1998). M M R is capable o f  detecting and interacting with a variety o f  bacterial and fungal 

pathogens. Its main function is thought to be the phagocytosing o f m icrobial pathogens 

and delivering them  to the lysosomal com partm ents for enzym atic breakdown. It is 

thought that DEC205 carries out a sim ilar function in DCs. The m acrophage scavenger 

receptor (M SR) is another phagocytic PRR expressed on m acrophages (Peiser, 

M ukhopadhyay et al. 2002) that has an unusually wide range o f ligand specificities, 

binding to double stranded RNA as well as LPS (Pearson 1996). One o f  its roles in host 

defense involves binding LPS to prevent endotoxic shock. Several PRR are expressed in 

the cytosol w here they detect intracellular pathogens, such as viruses, and induce responses 

that block their replication. For exam ple, the protein kinase receptor (PKR) is activated 

upon binding o f  dsRNA, which is produced during a viral infection. Activated PKR 

phosphorylates and inactivates the translation initiation factor, eIF 2a , which results in a
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cessation of viral and cellular protein synthesis (Clemens and Elia 1997). PKR also 

activates NK-kB and MAP kinase-signaling pathways, which lead to the induction of the 

antiviral type-I interferon genes. PKR also induces apoptosis in infected cells thereby 

inhibiting the spread of the viral infection.

1.5 Toll-like receptors and their ligands

The first member o f the Toll family, Drosophila Toll, was discovered as one of 12 

maternal genes that function in a pathway required for dorso-ventral axis formation in fly 

embryos (Hashimoto, Hudson et al. 1988; Belvin and Anderson 1996). After its discovery 

it became apparent that it had similar functional properties to the human IL-I receptors 

(IL-IR). The most conserved protein motif within the TLRs is the Toll/Interleukin-1 

receptor (TIR) domain (Beutler and Rehli 2002). Apart from having homologous 

cytoplasmic TIR domains, both IL-IR  and TLR have the capacity to induce NF-kB 

activation. Analysis of the promoter regions o f genes encoding antimicrobial peptides in 

Drosophila revealed consensus NF-kB binding sites (Engstrom, Kadalayil et al. 1993). 

Since these peptides are rapidly induced in flies in response to infection, this suggested that 

the toll pathway could possibly be involved in Drosophila immunity. Further studies 

showed this to be the case with mutant flies lacking the relevant toll genes being highly 

susceptible to infection. Therefore, mammalian PRR that showed genetic homology to 

Drosophila toll genes became known as TLRs. TLR family members are characterised 

structurally by the presence o f leucine-rich repeats in their extracellular domain as well as 

the intracellular TIR domain. TLR differ in ligand specificities, expression patterns and 

the target genes that they induce.

1.5.1 TLR2

Mammalian TLR2 recognizes a variety o f ligands, including peptidoglycan 

(Takeuchi, Hoshino et al. 1999), bacterial lipoproteins (Spohn, Buwitt-Beckmann et al. 

2004), a phenol soluble factor from Staphyococcus epidermidis, LPS from Prophyromonas 

gingivitis and Leptospira interrogans, glycosylphosphatidyl-inositol lipid from 

Trypanosoma cruzi, a component o f yeast cell walls called zymosan, as well as 

mycobacterial components (Lien, Sellati et al. 1999). It is known however, that TLR2 

does not recognize all these ligands alone, but rather is capable o f forming heterodimers 

with other TLRs (Ozinsky, Underhill et al. 2000). This is demonstrated by the fact that 

TLR6 and TLR2 are both recruited to the macrophage phagosome, where they recognize 

peptidoglycan, a Gram-positive pathogen component. The requirement for TLR
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cooperation is supported by the finding that TLR2 needs a partner to activate tum or 

necrosis factor (TN F)-alpha production in m acrophages (Ozinsky, U nderhill et al. 2000; 

Takeuchi, Kawai et al. 2001). In contrast, TLR2 recognizes another com ponent, bacterial 

lipopeptide, w ithout TLR6.

TLR2 has been found to be present on the surface o f  hum an neutrophils and can be 

up-regulated by treatm ent with GM -CSF (Kurt-Jones, M andell et al. 2002). Phagocytic 

receptors on m acrophages bind zym osan and stim ulate particle engulfm ent leading to the 

induction o f  inflam m atory responses, including N F-kB activation and T N F -a  production 

(Underhill 2003). Im m unization with zym osan was found to strongly induce IgG2a 

antibody production and generate CD8^ T-cell cross priming. However, it w as also 

reported that LPS, poly(I;C) and CpG DNA, but not zym osan, could induce functional 

CD8* T-cell responses against OVA (Durand, W ong et al. 2004). The lipoprotein, 

Pam 3Cys, induces low concentrations o f  IL-12p70 and stim ulates sustained ERK 1/2 

phosphorylation in DC, which results in a Th2-biased response (Agrawal, A graw al et al. 

2003). Human m ast cells express mRNA for T L R l, TLR2, and TLR6 but not TLR4 

(M cCurdy, Olynych et al. 2003). M urine mast cells produce cytokines in response to 

bacterial peptidoglycan and LPS via TLR2- and TLR4-dependent m echanism s. 

Interestingly, LPS- and double stranded RNA (dsRNA )-induced up-regulation o f  surface 

TLR2 in m acrophages was found to be M yD 88-independent (Nilsen, Nonstad et al. 2004).

1.5.2 TLR3

dsRNA is a m olecular pattern associated with certain viral infections, and it is 

produced by m ost RNA viruses during their replication. As the host cell does not produce 

dsRNA, this too can be considered a PAM P and it has been shown to be the ligand for 

m am m alian TLR3. Activation o f TLR3 induces the activation o f  N F -kB and the 

production o f type I IFNs (IFN -a/p ), which function as key cytokines in anti-viral host 

defense. TLR3-deficient mice showed reduced responses to the dsRNA m im etic 

polyinosine-polycytidylic acid (poly(LC)). Activation o f  DC through TLR3 by poly(I:C) 

induces cytokine production through a signaling pathw ay dependent on M yD88. However, 

poly(LC) can also induce the activation o f N F -kB and m itogen-activated protein (M AP) 

kinases and induce DC m aturation independently o f  M yD88 (Alexopoulou, Holt et al. 

2001). IFN-P production is independent o f the adaptor m olecules M yD88 and TIRA P and 

signals through an alternative adaptor, designated Toll-interleukin 1 receptor dom ain 

(T lR )-containing adaptor m olecule (T IC A M )-l, that can physically bind the TIR  dom ain 

o f  TLR3 and activate the IFN -p prom oter in response to poly(LC) (Oshium i, M atsum oto et
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al. 2003; Seya, Oshiumi et al. 2005). A novel TIR-containing adapter, TIR domain- 

containing adapter inducing IFN-P (TRIP), was shown to play a critical role in TLR3- 

mediated activation of NF-kB. TRIF recruits TRAF6-TAK1-TAB2 to TLR3 through its 

TRAF6-binding site, which is required for NF-kB, but not IRF3 activation (Jiang, Mak et 

al. 2004).

dsRNA was found to have adjuvant properties, inducing adaptive immune 

responses and upregulating costimulatory molecules on APC. dsRNA-induced surface 

marker upregulation on macrophages is entirely dependent on type I interferon receptor 

signaling (Hoebe, Janssen et al. 2003). In monocyte-derived immature DC (iDC), TLR3 

predominantly resides inside the cell but not on the cell surface. iDC produced IL-12p70 

and IFN -a/p in response to poly(I:C). Similar responses were observed in iDCs treated 

with rotavirus-derived dsRNA (Matsumoto, Funami et al. 2003). NK cells, known for 

their capacity to eliminate vitally infected cells, express TLR3 which is up-regulated upon 

stimulation with poly(I:C). Poly(I:C) stimulation also leads to up-regulation o f the 

activation marker, CD69, on NK cells as well as the induction o f proinflammatory 

cytokines, like IL-6, IL-8 and the antiviral cytokine, IFN-y, that significantly augments NK 

cell-mediated cytotoxicity (Schmidt, Leung et al. 2004). Langerhans cells (LC) and 

splenic C D llc^  DC also express TLR3 and produce IFN-P following stimulation with 

Poly(I:C) (Fujita, Asahina et al. 2004). Poly(l:C) has also been shown to possess potent y8 

T-cell costimulatory capacity, however, y5 T-cell clones and purified y6 T cells did not 

respond to poly(I:C). Depletion o f C D llc^  DC expressing TLR3, known to recognize 

poly(IiC), abrogated poly(I;C)-mediated stimulation o f y5 T cells. Further studies indicated 

that DC-derived type I IFNs contributed to the poly(I:C)-mediated activation o f y5 T cells 

(Kunzmann, Kretzschmar et al. 2004).

1.5.3 TLR4

The first mammalian homologue o f Drosophila Toll to be discovered was TLR4 

(Medzhitov, Preston-Hurlburt et al. 1997) which recogises LPS, a major component of the 

outer membrane of gram-negative bacteria. Upon binding, LPS can induce 

proinflammatory cytokine production, such as IL-12 and inflammatory effector substances, 

such as nitric oxide. Both o f these can be ascribed to the lipid A portion of LPS. CD 14, a 

glycosylphosphatidylinositol (GPI)-anchoring protein, has been shown to facilitate LPS 

action by binding and retaining LPS on the cell surface (Ulevitch and Tobias 1995). 

However, CD 14 lacks an intracytoplasmic region, which suggested that another membrane 

protein(s) might be essential for LPS signaling. This was proven when TLR4 was shown
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to be the critical signal transducer for LPS, when m ice lacking the TLR4 gene were found 

to be unresponsive to LPS (Poltorak 1998, (Qureshi, Lariviere et al. 1999). O ther 

experim ents using the LPS non-responsive m ouse strain, C3H/HeJ, showed that a point 

m utation in the TIR dom ain o f  TLR4 was responsible for the defect in LPS signal 

transduction (Hoshino, Takeuchi et al. 1999). Despite this evidence, it is known that TLR4 

is not the only receptor involved in LPS recognition. In serum, for example, LPS can bind 

to the LPS-binding protein (LBP), which in turn can transfer LPS m onom ers to CD 14 at 

the cell surface. A nother protein, called MD-2, has also been found to be involved in LPS 

recognition. A lthough M D-2 does not contain any transm em brane anchor, it is associated 

with the extracellular region o f  TLR4 and is required for cellular responsiveness to LPS. It 

is thought that, in order to confer LPS recognition, a com plex o f  TLR4/M D -2/C D 14 is 

required at the cell surface (Lien, M eans et al. 2000; Poltorak, R icciardi-Castagnoli et al. 

2000; da Silva Correia, Soldau et al. 2001). In addition to LPS however, TLR4 has also 

been described as a recognition factor o f liptocheic acid (LTA), the heat shock protein, 

hsp60, and the fusion protein o f  the respiratory syncytial virus (RSV) (Takeuchi, Hoshino 

et al. 1999; Kurt-Jones, Popova et al. 2000; Ohashi, Burkart et al. 2000).

1.5.4 TLR5

The protein flagellin, which forms the subunits o f  bacterial flagellae, is the 

structure recognized by TLR5 (Hayashi, Smith et al. 2001; Smith, Andersen-N issen et al. 

2003). This protein is involved in the m otility o f  the bacterium  and as a result rem ains a 

highly conserved structure at its C- and N - term inals, where it is assum ed TLR5 interacts 

(Janew ay and M edzhitov 2002). M ost PAM Ps are essential for m icroorganism  viability, 

so a m utation in flagellin structure may be detrim ental to the organism . Flagella contribute 

to the virulence o f  pathogenic bacteria through chem otaxis, adhesion to and invasion 

through host cell surfaces (Ramos, Rum bo et al. 2004). It has been dem onstrated that 

flagellin is capable o f  instructing hum an DC to stim ulate T h l responses via IL-12p70 

production, which is dependent on the phosphorylation o f  p38 and c-Jun N-term inal kinase 

(JNK) (Agrawal, Agrawal et al. 2003). However, it has also been suggested that flagellin 

drives M yDSS-dependent Th2-type immunity in m ice by prom oting IL-4 and lL-13 

production by Ag-specific CD4^ T cells as well as IgG l responses (Didierlaurent, Ferrero 

et al. 2004), despite reports that m urine immune cells do not express TLR5 (M eans, 

Hayashi et al. 2003). Flagellin directly stimulates hum an NK cells to produce IFN-y and 

synergizes with IL-2 and proinflam m atory cytokines in PA M P-induced T cell activation. 

TLR5 binding by flagellin has been found to induce m oderate adjuvant function by
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enhancing CTL responses following vaccination with virus-like particles (Schwarz, Stomi 

et al. 2003).

The bacterium Helicobacter pylori, colonizes the human stomach for decades 

unless pharmacologically eradicated. It is thought that this flagellated pathogen escapes 

immune clearance, in part, by avoiding detection by TLR5 as, in contrast to other gram- 

negative microbes, H. pylori does not release flagellin. Furthermore, recombinant H. 

pylori flagellin was significantly less potent (1000-fold) than Salmonella typhimurium  

flagellin in activating TLR5-mediated IL-8 secretion (Lee, Stack et al. 2003; Gewirtz, Yu 

et al. 2004). Flagellin has also been identified as a molecule that contributes to 

inflammatory bowel disease. Serum IgG to these flagellins, but not to the dissimilar 

Salmonella muenchen flagellin, was elevated in patients with Crohn’s disease, but not in 

patients with ulcerative colitis (Lodes, Cong et al. 2004). Multiple strains o f colitic mice 

have been shown to have elevated serum anti-flagellin IgG2a responses and Thl T cell 

responses to flagellin. In addition, flagellin-specific CD4^ T cells induced severe colitis 

when adoptively transferred into naive SCID mice.

1.5.5 TLR7 and TLR8

TLR7 and TLR8 are highly homologous to TLR9 and as a result the three receptors 

are classified into the one subfamily. It has been shown that TLR7 may participate in the 

discrimination o f nucleic acid-like structures in microorganisms. Experiments with TLR7 

deficient mice have shown a lack of responsiveness towards synthetic imidazoquinolines 

(Takeda, Kaisho et al. 2003). These compounds are approved for the treatment of 

infection with papillomavirus, as they possess potent antiviral and antitumor properties due 

to their abilities to induce inflammatory cytokines. Although TLR7 and TLR8 are 

phylogenetically and structurally related, their relative functions are largely unknown. The 

absence o f TLRS-selective agonists has hampered the understanding o f the role o f TLR8. 

Recently however it has been shown that TLR7 agonists directly activate purified 

plasmacytoid DC and, to a lesser extent, monocytes. Conversely, TLR8 agonists directly 

activate purified myeloid DC, monocytes, and monocyte-derived DC. TLR7-selective 

agonists were more effective than TLR8-selective agonists at inducing IFN -a and other 

IFN-regulated chemokines. In contrast, TLR8 agonists were more effective than TLR7 

agonists at inducing proinflammatory cytokines and chemokines, such as TNF-a, IL-12, 

and M IP -la  (Gorden, Gorski et al. 2005). Thus, TLR7 and TLR8 agonists differ in their 

target cell selectivity and cytokine induction profile. Like TLR9 determining the presence 

o f bacteria through motifs in their DNA, TLR7 in mice and TLR8 in humans, can sense
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viral infection by recognizing GU-rich single stranded RNA (ssRN A) from RNA viruses, 

such as vesicular stom atitis virus and influenza virus (Diebold, Kaisho et al. 2004; Heil, 

Hemmi et al. 2004; Lund, A lexopoulou et al. 2004). Two other im m unom odulators 

involved in the treatm ent o f  cancer are also known to act through TLR7. These are 

loxoribine and bropirim ine, which are capable o f inducing cytokine production, 

particularly interferons (Akira and Hemmi 2003; Heil, A hm ad-N ejad et al. 2003).

1.5.6 TLR9

TLR9 recognizes a m o tif in bacterial DNA whose properties as an 

im m unostim ulatory agent have been well docum ented (Hem mi, Takeuchi et al. 2000). 

Unm ethylated CpG m otifs are considerably m ore prevalent in bacterial DNA and are 

recognized as another PAM P for the m am m alian im mune system (Krieg 2000). It had 

been suggested that some TLR like TLR9, can be intracellular and recognize PAM Ps in 

endosom es or lysosomes (Krieg, Yi et al. 1995; Hacker, M ischak et al. 1998). This 

appears to be the case for CpG DNA as TLR9 is localized to the endoplasm ic reticulum 

(ER) o f  DC and m acrophages. CpG DNA m oves into early endosom es and is 

subsequently transported to a tubular lysosomal com partm ent. Concurrent with the 

m ovem ent o f CpG DNA in cells, TLR9 redistributes from the ER to CpG DN A -containing 

structures, which also accum ulate the adaptor protein, M yD88 (Latz, Schoenem eyer et al. 

2004).

A CpG m otif com prises the unm ethylated CpG dinucleotide flanked by two 5’ 

purines (optim ally GpA) and two 3 ’ pyrim idines (optim ally TpC or TpT) (Agrawal and 

Kandim alla 2002). The presence o f these motifs, which are 16 tim es more com m on in 

bacterial than m am m alian/vertebrate DNA (Klinm an, Barnhart et al. 1999), stimulate the 

innate immune system to produce lL-12, T N F -a  and IL-10 at high concentrations. 

Synthetic CpG containing oligodeoxynucleotides (ODN) have been shown to stim ulate and 

m ature m urine DC, causing up-regulation o f  MHC class II and co-stim ulatory m olecule 

expression (Jakob, W alker et al. 1998; Hartmann, W einer et al. 1999; Behboudi, Chao et 

al. 2000). Langerhans cells have been shown to m igrate out o f  the skin following 

intraderm al injection o f CpG -O D N  (Ban, Dupre et al. 2000). CpG -O D N  have also been 

shown to strongly stim ulate m acrophages to produce cytokines such as T N F a, IL - ip , IL-6 

and IL-12 as well as up-regulating M HC class II and co-stim ulatory m olecules (Sparw asser 

and Lipford 2000). CpG-OD N also activate microglial cells, m acrophage-like cells in the 

brain. The local innate defense system o f  the brain was activated by the 

intracerebroventricular injection o f CpG-ODN where stimulated m icroglial cells induced
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TN Fa, IL-12p40, IL-12p70 and NO along with the upregulation o f the surface markers 

CD80, CD86, CD40 and MHC class II. Phagocytic activity was also enhanced, while in 

vivo, it was found by in situ  hybridization that microglia produced TN Fa and IL-12p40 

(Dalpke, Schafer et al. 2002).

NK cells are also thought to be stimulated by CpG-ODN resulting in the secretion 

o f IFN-y but it is generally believed that CpG-DNA acts as a co-stimulatory signal for 

murine NK cells (Iho, Yamamoto et al. 1999). CpG-ODN costimulated NK cells show 

increased lytic activity (Yamamoto, Kuramoto et al. 1988; Yamamoto, Yamamoto et al. 

2000). CpG-ODN induce murine B cells to proliferate and secrete immunoglobulin both in 

vitro and in vivo. This has been shown to be the case for B cells from many other species, 

including cow, sheep, cat, dog goat, horse, pig, chicken, rat, rabbit and human (Krieg, Yi et 

al. 1995; Brown, Estes et al. 1998; Hartmann and Krieg 2000; Hartmann, W eeratna et al. 

2000; Liang, Reich et al. 2000; Rankin, Pontarollo et al. 2001). CpG triggers anti-allergic 

immune responses by directly regulating T-bet expression via a signaling pathway in B 

cells that is dependent upon TLR9, independent o f IFN-y-STATl and synergistic with IL- 

12 (Liu, Ohnishi et al. 2003). Initial work with CpG-ODN suggested that, as with B cells, 

there was direct T cell activation, however further studies showed that T cells could not be 

intrinsically activated by CpG-ODN. T cells did respond well if they were first co

stimulated via their T cell receptor (TCR) (Bendigs, Salzer et al. 1999). CpG-ODN 

induced IL-2 production, IL-2 receptor expression and proliferative responses. 

Interestingly it was noted that CpG co-stimulated T cells differenced into cytolytic T 

lymphocytes (CTL) in vitro in the absence o f AFC (Bendigs, Salzer et al. 1999).

Recent reports have suggested that some CpG-ODN may require a second receptor 

or cofactor to signal. The different signaling complexes assembled might impact on the 

affinity with which CpG-ODN signal through TLR9 or activate additional pathways that 

lead to distinct immune responses (Verthelyi and Zeuner 2003).

1.6 Signalling pathways in DC activated by TLRs

Once a PRR comes in contact with its ligand, a cascade event unfolds that induces 

the expression o f many genes involved in host defense (Fig. 1.1). These include genes 

encoding for inflammatory cytokines and chemokines, co-stimulatory and MHC 

molecules, which function to protect the host from the invading pathogen. The TLRs 

accomplish this by triggering a highly conserved intracellular signaling pathway (Kopp 

and Medzhitov 1999). The toll pathway leads to the activation o f a transcription factor, 

NF-kB, that plays a central part in responses to inflammatory stimuli. NF-kB is regulated
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by inhibitory subunits, whereby N F-kB dim ers are held in an inactive state by a family o f 

inhibitors called I-kB. Receptor signaling leads to the activation o f a m ultisubunit I-kB 

kinase (IKK) com plex that phosphorylates I-kB. Phosphorylation o f  I-kB m arks it for 

degradation so that the N F -kB dim er is free to translocate to the nucleus, bind DNA and 

activating transcription.

TLRs signal for N F-kB activation through a signaling pathway that operates in 

m ost m ulticellular organism s. The cytoplasm ic dom ain o f the toll receptor is known as a 

TIR dom ain because it can also be found in the cytoplasm ic region o f  the receptor for IL-1 

(IL -IR ). Ligand binding to the extracellular portion o f  the TLR induces the TIR  domain to 

bind and activate a cytoplasm ic adaptor molecule, known as M yD88 (M edzhitov, Preston- 

Hurlburt et al. 1998). C ells that are M yD88 deficient were found to be incapable o f 

activating N F -kB and mitogen activated protein kinases (M APK) and lacked any 

biological response following stim ulation by IL-1 or IL-18, which suggests that MyD88 is 

an essential adaptor protein for signaling by these cytokines (Adachi, Kawai et al. 1998). 

It has also been shown that N F -kB was not activated in M yD88 deficient cells that were 

stim ulated with ligands for TLR2 and TLR9, which indicate that TLR signaling requires 

MyD88. However, there are exceptions including TLR4 w hich retains its ability to 

activate N F-kB and M APK in response to LPS in M yD 88-deficient cells, how ever the 

activation kinetics are slower (Kawai, Adachi et al. 1999). This suggests that TLR4 could 

activate two pathways, a M yD88-dependent pathway sim ilar to the other TLRs and a 

M yD 88-independent pathway. The fact that TLR4 can activate N F -kB via a M yD88- 

independent pathway indicates that transduction o f these signals m ay be through a distinct 

adaptor protein. A m olecule called M AL (M yD 88-adaptor-like protein) also known as 

TIRAP (TIR dom ain-containing adaptor protein), has been identified that interacts 

specifically with TLR4 and it is thought may be responsible for this alternative pathway o f 

N F-kB activation (Horng, Barton et al. 2001; O 'Neill 2003). A third adapter protein 

known as T rif (TIR-dom ain-containing adapter inducing interferon-beta) also contains a 

TIR dom ain, which along with the other two m olecules, are thought to confer specificity to 

TLR signalling, with pathways being triggered that are specific for the elim ination o f  the 

invading m icrobe (O'Neill 2003).

Following the hom ophilic interaction with the receptor at its C- term inal, the N- 

term inal region o f  M yD88 engages the downstream  target IL -lR -associated  kinase (IRAK) 

(W esche, Henzel et al. 1997). Once associated with M yD88, the serine threonine kinase, 

IRAK, undergoes autophosphorylation and com bines with the tum or necrosis factor
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receptor-associated factor 6 (TRAF6) (Wu and Arron 2003). TRAF6 has been shown to be 

involved in TLR2, TLR5, TLR7, and TLR9 signal transduction as TRAF6 deficient mice 

failed to induce activation o f NF-kB and MAPKs or to produce inflammatory cytokines 

(Gohda, Matsumura et al. 2004). These adapter molecules form to make the signaling 

complex that activates NF-kB (Mansell, Brint et al. 2004) and MAPK cascades.

The MAPK, extracellular signal-regulated kinase (ERK), and p38, are also 

activated in response to infectious agents and innate immune stimulators, such as CpG 

DNA and LPS, and regulate the subsequent initiation and termination o f immune 

responses. TLR ligands activate p38 and ERK with slightly different kinetics in monocytic 

cells (Yi, Yoon et al. 2002). These two key mitogen-activated protein kinases regulate the 

induction of pro- and anti-inflammatory cytokine production (Song, Lee et al. 2003). ERK 

and p38 differentially regulate the production o f pro- and anti-inflammatory cytokines in 

APC that have been activated by CpG DNA (An, Yu et al. 2002). p38 activity is required 

for the production o f pro-inflammatory cytokines and innate immune activation. In 

contrast, ERK plays a central negative regulatory role in the TLR-mediated Thl type 

responses by promoting production of the Th2 type cytokine, IL-10 (Yi, Yoon et al. 2002).

1.7 Bacterial toxins

A number o f bacterial toxins have been found to be potent adjuvants, particularly 

for antigens delivered by the mucosal route. The most widely experimentally used 

mucosal adjuvants are cholera toxin (CT) and the closely related E. coli heat labile 

enterotoxin (LT). CT and LT consist o f five B subunits assembled into a pentameric ring 

encircling one A subunit. The B subunit binds to the oligosaccharide domain o f a 

membrane glycolipid receptor, ganglioside GMl ,  at the cell surface (Kawamura, 

Kawashima et al. 2003). The single A subunit is the component o f the molecule associated 

with enzyme activity and toxicity (de Haan and Hirst 2002; Holmgren, Czerkinsky et al. 

2003; Lencer and Tsai 2003). The mucosal immune system is able to recognize these 

molecules and consequently generate a powerful immune response against them. These 

anti-toxin responses are so potent that strong responses may also be stimulated against 

foreign bystander molecules that are present simultaneously at mucosal surfaces (Rappuoli, 

Pizza et al. 1999).

CT inhibits innate inflammatory responses induced by pathogen-derived molecules, 

such as LPS. Previous data showed that CT synergizes with low doses of LPS to induce 

IL-10 production by immature DC and induces the secretion of the chemokine, MIP-2, 

which enhances the expression o f CD80, CD86, and 0X 40 (CD 134) but inhibited LPS-
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induced expression of CD40 and ICAM-1 and production o f the inflammatory 

cytokines/chemokines lL-12, TNF-a, M lP -la  and M IP-ip  (Lavelle, McNeela et al. 2003). 

Immunisation with antigen in the presence o f CT has been shown to promote the induction 

o f Trl as well as Th2 and to a lesser extent Thl cells, characterised by the production of 

high levels o f IL-10 and IL-5 and relatively lower concentrations o f IFN-y (Lavelle, 

McNeela et al. 2003; Lavelle, Jarnicki et al. 2004).

Escherichia coli derived LT is also a potent mucosal adjuvant. Intranasal 

immunization with LT, generates strong systemic proliferative and cytotoxic T-cell 

responses to co-administered proteins or synthetic peptides, promoting high antigen- 

specific proliferative and cytotoxic T-cell responses o f long duration (Partidos, Salani et al. 

1999; Ryan, McNeela et al. 1999). However, the use o f CT and LT in humans is hampered 

by their potential toxicity. During the past few years, site-directed mutagenesis has 

permitted the generation o f LT and CT mutants fully non-toxic or with dramatically 

reduced enzymatic activity, which still retain adjuvanticity at the mucosal level (Douce, 

Turcotte et al. 1995; Douce, Fontana et al. 1997). The LT derivatives include, LTK63 

(serine-to-lysine substitution at position 63 in the A subunit), which is fully non-toxic and 

LTR72 (alanine-to-arginine substitution at position 72 in the A subunit), which retains 

some residual enzymatic activity. Both molecules are active as mucosal adjuvants, and are 

capable o f inducing very high antigen-specific antibody titers when co-administered with 

antigen (Pizza, Giuliani et al. 2001). Clinical grade preparations o f these mutants have 

been produced, tested in animals and proven to be safe. The fully nontoxic LTK63 mutant 

has now been successfully tested in human volunteers with a trivalent subunit influenza 

vaccine (Peppoloni, Ruggiero et al. 2003). CT mutants have also been generated, one of 

which, CTAl-D D, is proving to be a potential safe and promising candidate to be included 

in future vaccines for intranasal administration (Eriksson, Schon et al. 2004). CTA l-D D  is 

a novel immunomodulating gene fusion protein that combines the ADP-ribosylating ability 

o f CT with a dimer of the Ig-binding fragment D o f Staphylococcus aureus protein A. 

CTAl-D D is a potent mucosal adjuvant when administered intranasally (Lycke 2004) 

inducing immune responses that were equally strong to those observed after systemic 

immunizations.

Although highly effective, the use o f GM l-receptor binding holotoxins as nasal 

mucosal adjuvants has recently been cautioned due to the risk for their accumulation in the 

brain and other nervous tissues. Analysis of both LTK63 and CTA l-D D  have shown that 

they do not induce any inflammatory event in the respiratory tract nor, more importantly.
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in the olfactory bulbs and in the meninges (Peppoloni, Ruggiero et al. 2003; Eriksson, 

Schon et al. 2004; Lycke 2004).

Adenylate cyclase toxin (CyaA) from Bordetellapertussis  can subvert host immune 

responses allowing bacterial colonization. When used as an adjuvant, CyaA is capable of 

enhancing IL-5 and IL-10 production and IgGl antibodies to co-administered antigen in 

vivo. Antigen-specific CD4^-T cell clones generated from mice immunized with antigen 

and CyaA had Th2 or type 1 regulatory T (T rl) cell cytokine profiles. CyaA also 

stimulates innate cells and can augment LPS-induced IL-6 and IL-10 and inhibited LPS- 

driven TN F-a and IL-12p70 production as well as enhancing the expression o f CD80, 

CD86, and major histocompatibility class II expression on bone marrow-derived DC 

(Ross, Lavelle et al. 2004).

1.8 The Complement System

Complement was identified as a heat-sensitive factor in serum whose action was 

said to ‘complement’ the antibacterial activity o f antibodies. Although initially discovered 

as a contributor to the humoral immune response, it became clear that the complement 

system evolved as part o f the innate immune system. The complement system is 

composed o f a large number o f plasma proteins that react with one another to opsonize 

pathogens and induce a series o f inflammatory responses that contribute to fight infection. 

There are 3 pathways o f complement activation all o f which result in the opsonization of 

pathogens, the recruitment o f inflammatory cells and the direct killing of pathogens. These 

pathways are called the classical pathway, the mannose binding (MB)-lectin pathway and 

the alternative pathway. The classical pathway is triggered by antibody or by direct 

binding o f the complement component C lq  to the pathogen surface. The MB-lectin 

pathway is activated by mannan-binding lectin, a normal serum constituent that binds some 

encapsulated bacteria. Finally, the alternative pathway is triggered directly on pathogen 

surfaces. The early events o f all three pathways of complement activation involve a series 

of cleavage reactions that culminate in the formation of an enzymatic activity termed, C3 

convertase. This results in the generation of enzymatic activity that in turn generates the 

effector molecules o f complement. These enzymatically cleaved effector molecules 

comprise a larger cleavage product that binds covalently to the pathogen surface and a 

smaller product that can act as a peptide mediator o f inflammation.

Complement opsonins are selectively bound to the surface o f pathogens or toxic 

cell debris and participate in the initial capture and presentation o f potentially harmful 

pathogens to phagocytic cells of the innate immune system, that express complement
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receptors, such as m acrophages. However, it is becom ing increasingly evident that 

com plem ent also plays a role in the regulation o f adaptive im munity. It has been proposed 

that com plem ent can instruct the hum oral response in a way that is sim ilar to that o f  the 

direction o f  CD4^ T cell response by DC (Fearon and Locksley 1996). Early studies 

exam ining the function o f  com plem ent in T cell prim ing suggested that its involvem ent 

was more im portant in B cell immunity. This was dem onstrated in experim ents using C3 

deficient m ice im munised with bystander antigens, which were capable o f m ounting 

apparently norm al T cell responses yet displayed im paired hum oral responses (Carroll 

2004; Carroll 2004). C om plem ent is thought to function through CD21 and CD35 on B 

cell populations, as mice deficient in these receptors have impaired hum oral responses to 

antigen (M olina, Holers et al. 1996). M ore recent studies have suggested that com plem ent 

m ay be involved in the developm ent o f  regulatory T cells via co-stim ulation o f  CDS and 

CD46. In a m easles virus model, crosslinking o f  CD46 led to im paired IL-12 production, 

which is necessary for cell-m ediated immunity in m easles infection (Karp, W ysocka et al. 

1996). It was proposed that uptake o f  C3b-opsonized virus via CD46 could block IL-12 

production, which may be responsible for the suppression o f  T cell responses after an 

infection with the m easles virus. It was later found that crosslinking CD3 and CD46 on 

CD4^ T cells led to the induction o f regulatory T cell phenotype and the release o f  IL-10 

(Kem per, Chan et al. 2003). These regulatory cells proliferated in culture, blocked 

activation o f  bystander T cells and differentiated into m em ory cells. Therefore, 

com plem ent may be capable o f  acting as a m ediator between innate and adaptive 

immunity. In addition, it could be suggested that com plem ent receptor pathways may 

intersect with other innate pathways, such as the TLR, which occur in response to highly 

conserved m icrobial antigens or PAMPs.
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1.9 Adaptive immunity

In m ost instances o f  infection, the innate immune system is sufficient to clear the 

pathogen. However, in some cases, the infectious agent can elude an innate response and 

an adaptive immune response is generated. A daptive im munity occurs once the immune 

system has recognized and responded to specific antigens on the invading pathogen. N ot 

only does this eventually lead to the eradication o f  the pathogen but can also confer 

im m unological memory, which ensures subsequent im munity to re-infection. Adaptive 

im m unity is mediated by lym phocytes that are capable o f  recognizing specific epitopes 

from a given pathogen. Lym phocytes fall into two main categories; B and T lym phocytes.

1.9.1 B lymphocytes

The B lym phocyte derived its eponym ous letter from its site o f m aturation, the 

Bursa o f  Fabricius, which is an organ found in birds, however, in m am m als they originate 

in the bone marrow. The m ain function o f  B lym phocytes or B cells is in antibody 

production. They are also known to be efficient antigen presenting cells, especially for 

C D 4’ T cells (Pistoia 1997). M ature B cells are distinguished by the synthesis and display 

o f  m em brane bound im m unoglobulin (Ig) or antibody m olecules that also serve as antigen 

receptors.

Antigen specific proliferation o f  B cells is elicited by the interaction o f  m em brane 

bound antibody with antigen. The structure o f  antibodies is generally conserved, being 

made up o f  two identical light chains (L) and two identical heavy chains (H). Each chain 

contains constant (C) and variable (V) regions. The variable regions confer an antibodies 

ability to bind to a diverse range o f  antigens. There are also five antibody isotypes, IgA, 

IgD, IgE, IgG and IgM, each o f which has its own effector function.

1. IgA is associated with mucosal surfaces and secretions like saliva and the m ucous 

m em branes o f the bronchial, genitourinary and digestive tracts. Because o f  its 

location, it plays a significant role in the prevention o f m icroorganism  attachm ent 

at mucosal surfaces.

2. IgD has no m ajor biological effector function other than its action as a m em brane 

receptor on B cells.

3. IgE antibodies mediate reactions associated with hypersensitivity or allergy. It can 

bind to the Fc receptor on basophils and mast cells where cross-linkage o f  the 

receptor/IgE com plex induces histam ine and various other m ediators o f  allergic 

reactions.
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4. IgG antibodies are m ost abundant in serum. There are 4 subtypes o f  IgG found in 

both hum ans and mice. IgG has many functions including opsonisation o f antigen 

and initiation o f the com plem ent pathway. IgG can also traverse the placenta and 

confer immunity to the developing foetus.

5. IgM is the first Ig subclass produced by B cells in response to antigen. Due to its 

large size (often forming a pentam eric m olecule) it is generally found in the 

bloodstream . Its functions include the agglutination o f  antigen and the activation o f 

com plem ent.

Epitopes that recognize surface Ig can activate m ature B cells. Depending on the 

type o f  antigen encountered, B cell activation proceeds in two ways. Thym us-independent 

antigens can directly stimulate B cells and depends on the cross-linking o f  mem brane 

bound Ig on B cells. M ost o f these thym us-independent antigens are m itogens and are 

capable o f  activating B cells regardless o f their antigenic specificity. Thym us dependent 

antigens, however, require the interaction o f T helper cells to initiate the stim ulation o f  the 

B cell to produce antibody. Binding o f  antigen is through B cell-specific antigen receptors 

and the antigen is then processed by the B cell following endocytosis. The resulting 

peptides are brought to the cell surface where they are displayed by M HC class II 

molecules. CD4^ T cells, with receptors specific for the class II and antigen com plex 

interact with the B cell. T-B cell contact, along with the secretion o f cytokines by the T 

cell, prom otes B cell activation.

Various cell surface m olecules play an im portant role in the process o f  B cell 

activation. A m ajor linkage involves the interaction between the CD40 ligand (CD40L) 

and CD28 on the T cell with CD40 and B7.1 or B7.2 respectively on B cells. This 

crosslinking induces B cell proliferation and antibody production (Clark and Ledbetter 

1994). Once activated, B cells proliferate and differentiate into antibody producing plasm a 

cells. The cytokines produced by T cells play a m ajor role in determ ining the antibody 

isotype that is produced by the B cell. In the mouse, IFN-y prom otes the production o f 

IgG2a, while inhibiting the production o f IgE and IgG l subclasses. C onversely Th2 

derived cytokines like IL-4, prom ote the production o f  IgE and IgG l while suppressing the 

production o f IgM, IgG2 and IgG2b (Purkerson and Isakson 1992; Coffm an, Lebm an et al. 

1993).

1.9.2 T-Lym phocytes

T lym phocytes or T cells arise in the bone marrow, like B cells, but develop and 

differentiate in the thymus. In the thym us, m any functionally distinct populations o f

24



mature T cells develop that m igrate to the peripheral lymphoid organs. It is also in the 

thym us that T cells come to express the T cell receptor (TCR) that is involved in antigen 

binding and is associated with the CD3 complex. Based on the levels o f  certain surface 

m arkers expressed on T cells, they can be classified into two main categories or lineages. 

The m ajority o f  T  cells express a TCR com prising o f  an a  chain and a p chain. A sm aller 

population exhibit y and 5 chains, a /p  T cells can also be divided into subpopulations 

based on the expression o f  the co-receptors CD4 or CDS. These cells are fundam entally 

distinct from each other in their recognition o f  antigen and effector functions. Unlike 

certain antigens that can bind directly to B cells, T cells do not recognize native antigen. 

They only respond to an antigenic peptide that is bound to a cell m em brane protein called 

the m ajor histocom patibility com plex (M HC). Class I M HC m olecules are expressed on 

virtually all nucleated cells, whereas class II m olecules are restricted to the cells o f  the 

immune system. CDS expressing T cells are restricted to the recognition o f  cells 

presenting antigen via the MHC class I com plex w hereas CD4^ T cells only are capable o f 

binding to cells expressing an antigen/M HC class II complex. The class I antigen pathway 

processes the internally synthesized proteins, such as viral proteins, enzym atically reduced 

to peptides in the proteosom es. Peptides are loaded onto the M HC class I m olecules in the 

endoplasm ic reticulum, resulting in the formation o f  an M H C-peptide com plex. This 

com plex is then routed through the Golgi apparatus prior to exporting to the cell surface. 

CDS" T cells with the appropriate TCR, can recognize the M HC antigenic peptide com plex 

and kill the infected cell. M HC class II restricted T cell antigen processed via the 

endocytic pathway; the APC ingest exogenous antigen, usually follow ing binding to their 

own pattern recognition receptors. The antigen is degraded into peptides within 

endosom es and is transported to the plasm a m em brane in association with the M HC class 

II m olecules w here they can be recognized by CD4^ T cells.

CDS^ and CD4^ T cells have distinct im m unological functions. CD4^ T cells or T 

helper (Th) cells provide help for B cells in antibody production. They also secrete a range 

o f  cytokines, which activate m acrophages and are involved in regulating immune 

responses. CDS^ T cells are cytotoxic for cells infected with viruses or intracellular 

bacteria and are referred to as cytotoxic T lym phocytes (CTL). The CTL m ediated 

response involves a carefully orchestrated sequence o f  events culm inating in the 

destruction o f  the target cells.

Two m echanism s exist for cell-m ediated cytotoxicity. One features transm em brane 

signaling while the other depends on exocytosis o f  the toxic products by the CTL. The 

granule-exocytosis pathway is characterised by the secretion o f  the lytic protein, perforin.
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This protein polymerizes and forms a pore in the host cell, allowing the entry o f secreted 

granule contents, including granzymes, leading to death of the target cell by apoptosis. 

The other pathway is non-secretory but acts via the crosslinking o f a surface membrane 

ligand. Fas ligand, present on the surface o f some antigen-activated CTLs, and a death 

receptor. Fas, on the target cell, which initiates a cascade o f proteolytic enzymes resulting 

in target cell lysis (Stenger and Modlin 1998).

1.10 T cell co-stimulation

Naive CD4^ or CDS^ peripheral T cells circulate through the blood and peripheral 

lymphoid organs until they encounter an APC bearing an antigenic ligand bound to a self- 

MHC molecule. These naive T cells require two signals for their activation. The first is 

provided by MHC-bound antigen and TCR/CD3 interactions (Davis and Bjorkman 1988). 

The second co-stimulatory signal involves interactions between CD28 receptor, expressed 

on naive T cells, and its ligands B7.1 (CD80) and B7.2 (CD86) on APCs (Fig. 1.1) 

(Linsley, Bradshaw et al. 1993; June, Bluestone et al. 1994). The co-stimulatory signal 

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

precursor T helper cells, resulting in subsequent cell division and a variety o f effector 

functions and thereby prevents apoptosis (Crabtree 1989; Boise, Minn et al. 1995). 

Interruption o f the CD28-B7 interaction, both in vivo and in vitro, has been shown to 

inhibit immune responses and in some instances to result in T cell tolerance or anergy 

(Sperling and Bluestone 1996). CTLA4 (CD 152), a second ligand for CD80 and CD86, 

provides a negative signal to the T cell, thus limiting immune responses (Waterhouse, 

Penninger et al. 1995; Chambers and Allison 1997). A number o f studies have confirmed 

that CD28 is a co-stimulator of T cell function whereas CD 152 is an inhibitor (Sansom 

2000; Sharpe and Freeman 2002). These receptors have different patterns o f expression; 

CD28 is largely constitutive on the plasma membrane, whereas CD 152 is not expressed on 

resting T cells but is up-regulated during cell cycle progression (Alegre, Noel et al. 1996; 

Doyle, Mullen et al. 2001). This could suggest that restricting CD152 expression enables 

CD28 to more efficiently interact with CD80 or CD86, thereby promoting T cell 

activation. Conversely, cells that are involved in the regulation o f the immune response, 

namely Treg cells, constitutively express CD152, which suggests that CD152 may play an 

important role in Treg function but this is not yet clear (Read, Malmstrom et al. 2000; 

Takahashi, Tagami et al. 2000; Levings, Sangregorio et al. 2001; Shevach 2002).

Although it appears that the opposing receptors, CD28 and CD 152, share the same 

ligands, CD80 and CD86, there is increasing evidence to suggest that CD80 and CD86 also
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have distinct functional identities. Several lines o f  evidence suggest that C D 80 is the 

functional ligand for CD 152 (M artin-Fontecha, M oro et al. 2000; LaBelle, Hanke et al. 

2002; Sansom, M anzotti et al. 2003). O ther studies suggest that interaction w ith CD80 

provides a negative signal in the control o f  immune responses. This was dem onstrated by 

the fact that non-obese diabetic m ice exhibited exacerbated diabetes follow ing the 

blockade o f  CD80 (Lenschow, Ho et al. 1995). Transgenic expression o f C D 80 has also 

revealed an inhibitory role in B cell responses (Sethna, van Parijs et al. 1994).

M ore recently, another m em ber o f  the 8 7  family has been identified called B7-H1 

that does not bind to CD28 but to a receptor called PD-1 (Dong and Chen 2003). The B7- 

H1 co-stim ulation pathway mainly induces the production o f IL-10, with lesser am ounts o f 

lL-2 production, from T ceils (Dong, Zhu et al. 1999). A nother novel gene has been 

identified in mice belonging to the 3 7  family called B7 hom ologue (B7h) or B7-related 

protein 1 (B7RP-1), that can also function as a co-stim ulatory ligand for T cells (Swallow, 

W allin et al. 1999; Yoshinaga, W horiskey et al. 1999). In contrast to CD80, C D 86 and 

B7-H1, B7h does not bind to CD28 or CD152, but binds to a CD28 hom ologue called 

inducible T cell co-stim ulator (ICOS). ICOS is not expressed on naive T cells but is 

induced after activation (Hutloff, Dittrich et al. 1999), suggesting that B7h may be 

involved in sustaining local inflam m atory responses in mice, by providing co-stim ulatory 

signals to T cells previously activated through the CD28 pathway. Additional interactions, 

such as CD 40-CD 40L signalling, are also im portant in T cell activation. In particular, 

CD40-CD40L interactions are thought to play a critical role in CD4-dependent generation 

o f CD8"^ T cell responses (Bennett, Carbone et al. 1998; Schoenberger, Toes et al. 1998).

1.11 T cell differentiation

The CD4^ T cell population may be divided into type 1 and type 2 T helper 

(T h l/T h2) subpopulations, on the basis o f  their function and the cytokines they secrete 

(M osm ann and Sad 1996). CD8^ T cells m ay also differentiate into T cl or Tc2 cell 

subsets, which produce corresponding cytokines to their CD4^ counterparts but in addition 

possess cytotoxic activity (Sad, M arcotte et al. 1995). T h l cells secrete IFN-y and TNF- 

P, and m ediate cell-m ediated im munity such as delayed-type hypersensitivity, m acrophage 

activation and inflam m atory responses (Fig. 1.2) (M osm ann, Cherw inski et al. 1986). 

However, T hl cells can also provide helper function for specific IgG subclasses, 

particularly those involved in opsonization and virus neutralization (M ahon, K atrak et al. 

1995). Th2 induction is considered to be the default pathway and in the absence o f 

m icrobial products that stim ulate IL-12 production, antigens that lack im m unom odulatory
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activity, such as many soluble recombinant proteins, will induce Th2 type cells. Th2-type 

cells secrete IL-4, IL-5, IL-10 and lL-13 and provide help for IgGl and IgE production 

(Fig. 1.1) (Mosmann, Cherwinski et al. 1986; Romagnani 1994). The Thl and Th2 

subpopulations of CD4^ T cells are inversely regulated by a range of cytokines produced 

by the T cells themselves or by cells o f the innate immune system. Up-regulation o f one 

type o f response has also been shown to often result in down-regulation o f the other 

(O'Garra and Murphy 1993; Seder and Paul 1994; Abbas, Murphy et al. 1996).

In addition to Thl and Th2 cell types, ThO populations have also been described 

that secrete combinations o f Thl and Th2 cytokines (Firestein, Roeder et al. 1989; Elson, 

Nutman et al. 1995). However, it has also been suggested that the ThO population may 

represent a transitory precursor subset, which will eventually undergo terminal 

differentiation into Thl or Th2 cells (Nakamura, Lee et al. 1997). Exogenously added IL-4 

and endogenously produced IFN-y have been shown to promote the development o f these 

cells in vitro (Miner and Croft 1998).

Protective immunity against certain diseases is dependent on the differential 

induction o f Thl or Th2 cells. It has been shown that for several intracellular pathogens, 

protective immunity requires the development o f Thl responses and pathology may 

develop if Th2 type cytokines are induced. While the induction o f Thl cells is desirable 

for immunization against many intracellular pathogens, Th2 cells may be more important 

in protection against pathogens, such as Helicobacter pylori and helminth parasites and in 

the control of immune-mediated diseases such as organ-specific autoimmune disorders and 

Crohn’s disease. Th2 type responses have also been associated with allergic and atopic 

disorders (Romagnani 1994; Spellberg and Edwards 2001).

A variety o f factors appear to be important in the regulation of T cell differentiation 

in vivo. Several studies have shown that the antigen dose (Mosmann, Sad et al. 1995; 

Ruedl, Bachmann et al. 2000) and route o f administration (Barnard, Mahon et al. 1996; 

Conway, Madrigal-Estebas et al. 2001) may differentially regulate the induction of CD4^ 

Th subtypes. In addition, co-stimulatory molecules may provide signals for the selective 

differentiation o f Thl or Th2 cells. Antibodies against CD80 and CD86 have been shown 

to selectively inhibit the development of Thl and Th2 responses in vivo and in vitro, 

suggesting that CD80 and CD86 differentially enhance Thl and Th2 type responses 

(Freeman, Boussiotis et al. 1995; Kuchroo, Das et al. 1995). However, B7 molecules have 

also been reported to have the opposite, or no, effect on T cell differentiation (Lanier, 

OTallon et al. 1995; Lenschow, Ho et al. 1995). 0X 40, a member o f the TNF receptor 

family, co-stimulates T cell proliferation and cytokine production in vitro (Godfrey,

28



Fagnoni et al. 1994; Gramaglia, Weinberg et al. 1998). It has been proposed that 0X 40 

co-stimulation favours the development of Th2 responses, through enhancement o f IL-4 

production (Flynn, Toellner et al. 1998; Ohshima, Yang et al. 1998). Indeed, 0X 40- 

deficient mice are severely impaired in their ability to induce Th2 type responses (Jember, 

Zuberi et al. 2001). However, 0X 40- and 0X 40 ligand (L)-deficient mice also exhibit 

impaired IFN-y production, indicating that OX40/OX40L interactions participate in 

enhancing both Thl and Th2 responses (Gramaglia, Jember et al. 2000; Murata, Ishii et al. 

2000). Cytokines are considered the key mediators in the selective differentiation o f Thl 

and Th2 cells. In addition, chemokines have been shown to play an important role in the 

induction o f CD4"  ̂Th subtypes.

1.12 Regulatory T cells

A population of T cells termed regulatory T (Treg) cells have recently been 

identified. Originally described as suppressor T cells in the 1970s and 80s (Gershon and 

Kondo 1970), these cells gradually lost favour due to the failure to clone these cells or to 

demonstrate antigen specificity (Moller 1988). However, advancing techniques in the mid- 

1990s rekindled interest in the concept o f suppressor or regulatory T cells. Treg cells may 

be defined as CD4^ T cells that inhibit immunopathology or autoimmune disease in vivo 

(O'Garra and Vieira 2004). Two main types of Treg have been described, those that are 

naturally occurring and those that are induced in response to specific antigens, for example 

in an immune response to a pathogen. Natural Treg cells are defined by the fact that they 

express both CD4 and CD25. They represent 5-10% of peripheral CD4^ T cell population 

in humans and mice and are thought to have specific roles in regulating aspects o f both 

innate and adaptive immunity (Sakaguchi, Sakaguchi et al. 2001; Maloy, Salaun et al. 

2003). Although identifiable on the basis o f CD25 expression, this chain o f the IL-2R is 

also expressed on activated T cells (Maloy, Salaun et al. 2003) and therefore is not an ideal 

marker for Treg cells. However, additional markers such as CD 152 and glucocorticoid- 

induced tumour necrosis factor receptor are also expressed on Treg cells (Read, 

Malmstrom et al. 2000; Takahashi, Tagami et al. 2000; McHugh, Whitters et al. 2002) but 

these can also be expressed by non-regulatory cells after activation. Treg cells secrete IL- 

10 and TGF-P, which are known to be involved in regulating immune responses in vivo 

(Fig. 1.2) (Maloy and Powrie 2001) and have been shown to be important mediators of 

Treg cell-mediated suppression o f colitis and autoimmune pathologies (Green, Gorelik et 

al. 2003). A transcription factor, Foxp3, is thought to be involved in the development and 

function of both CD25^ and CD25' Treg cells and is considered to be an unambiguous
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marker in the identification o f naturally occurring Treg (Fontenot, Gavin et al. 2003; Hori, 

Nomura et al. 2003).

The second type o f Treg cell is generated during the induction of an immune 

response following infection or antigen administration. These cells are characterised by 

their ability to produce significant concentrations o f IL-10 and/or TGF-p. A novel CD4^ T 

cell subset that secretes IL-10 and low or no IFN-y or IL-4, called T rl, has been shown to 

inhibit antigen-specific activation o f naive autologous T cells (Groux, O'Garra et al. 1997). 

Trl cells appear to be dependent on IL-10 for their differentiation and for their regulatory 

properties. They do not, however, express Foxp3 but may express markers associated with 

Th2 cells. Like natural Treg, they express high levels o f surface G D I52. Co-culture of 

naive 004"^ T cells in the presence o f allogenic APG was shown to resuh in the 

suppression of proliferative responses (Groux, O'Garra et al. 1997). Similarly, Trl clones 

specific for filamentous haemagglutinin (FHA) from B. pertussis suppresses proliferation 

and cytokine production by a Thl clone against an unrelated antigen (McGuirk and Mills 

2002). However, although CD4^CD25^ natural Treg or Trl cells can be induced to 

produce IL-10 and can inhibit immune pathology, T h l, Th2 cells or APC also produce IL- 

10 and thus can control the magnitude of an immune response and limit immunopathology 

(Moore, de Waal Malefyt et al. 2001).

In addition to the natural Treg and the Trl cell, another regulatory T cell type that 

secretes high levels of TGF-P, termed Th3, has been described. These seem to be more 

prevalent at mucosal surfaces, especially in the gut, but are less well characterised 

(Roncarolo and Levings 2000). It is thought they provide help for IgA production and also 

possess suppressive properties for Thl and other immune cells (Weiner 2001).

In most normal immune responses, and in most autoimmune responses, Treg cell 

activity is beneficial to the host. However, in the case o f an autoimmune response to 

tumour antigens, Treg activity can be harmful to the host. Although the suppressive role o f 

Treg cells has been demonstrated in vivo and in vitro, the ability to induce T cells that 

produce suppressive cytokines on stimulation with specific antigen has opened up the 

possibility o f developing vaccines against autoimmune diseases and therapies to control 

inflammation and allergy.
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1.13 Cytokines

Cytokines are chemical mediators secreted by immune cells in response to a 

stimulus. Throughout the course of infection, immune cells produce different cytokines to 

regulate the actions o f other cells in the surrounding environment.

1.13.1 IFN-y

IFN-y is produced by antigen activated CD4^ and CD8^ T cells and natural killer 

cells activated by IL-12. CD8a^ DC but not C D 8a' DC can be induced to secrete IFN-y 

in response to Listeria and CpG DNA via an IL-12p70 dependent mechanism (Ohteki, 

Fukao et al. 1999). IFN-y activates the anti-microbial activity o f macrophages, it has 

antiviral and antiparasitic activities and can inhibit the proliferation of transformed cells. 

In Th cells, IL-2 induces the synthesis of IFN-y (as well as other cytokines) as blocking of 

the IL-2 receptor by specific antibodies, inhibits the production o f IFN-y. IFN-y influences 

cell mediated mechanisms o f cytotoxicity and is a modulator of T cell growth and 

functional differentiation. IFN-y also inhibits the growth of B cells induced by IL-4 and 

inhibits the production o f IgGl and IgE in favour o f the IgG2a subclass (Agrewala, 

Raghava et al. 1993). In contrast to other IFNs whose function is mainly antiviral, the 

main biological function o f IFN-y appears to be immunomodulatory (Dalton, Pitts-Meek et 

al. 1993; Huang, Hendriks et al. 1993). However, like other IFNs, IFN-y can be used as an 

antiviral and antiparasitic agent and has been shown to be effective in the treatment of 

arthritis. This may involve the modulation of macrophage activity, which reduces joint 

aches and improves various clinical parameters including the reduction o f corticosteroids 

dose.

1.13.2 IL-1 family

The IL-1 family comprises o f many structurally related cytokines that include IL- 

la ,  IL -lp , lL-15, IL-le, IL-IFIO, IL-lra, IL-1H1-H4 and IL-18. IL-1 is produced by 

activated macrophages, DC, peripheral neutrophils, T cells, B cells and NK cells, as well 

as other non-immune cells. There are two functionally almost equivalent forms o f IL-1, 

IL - la  and IL -ip  that are encoded by two different genes (di Giovine and Duff 1990; 

Brazel, Nakanishi et al. 1991). In humans, IL -ip  is the predominant cytokine. Both forms 

bind to the same receptor and show similar if not identical biological activities (Dower, 

Kronheim et al. 1986). The synthesis o f IL-1 can be induced by other cytokines, such as 

TN F-a, IFN -a/p and IFN-y and also by bacterial endotoxins, mitogens and antigens. The
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m ain biological activity o f  IL-1 is the stim ulation o f  Th cells, but IL-1 can also act directly 

on B cells, prom oting their proliferation and the synthesis o f  im m unoglobulins. IL-1 also 

functions as one o f the prim ing factors that make B ceils responsive to IL-5 (K oyam a, 

Harada et al. 1988). IL-1 prom otes the adhesion o f  neutrophils, m onocytes, T cells and B 

cells by enhancing the expansion o f  adhesion m olecules, such as ICAM -1. IL - ip , in 

com bination with other cytokines is an im portant m ediator o f  inflam m atory reactions.

1.13.3 IL-4 and IL-5

IL-4 and IL-5 are produced by Th2-type T cells. IL-4 prom otes the proliferation, 

differentiation and expression class II M HC on B cells and is generally thought to be 

responsible for the differentiation o f naive precursor T cells into Th2 type cells. In 

activated B cells, IL-4 stim ulates the synthesis o f  IgG l and IgE and inhibits the synthesis 

o f  IgM, IgG3, IgG2a and IgG2b. This isotype sw itching induced by IL-4 in B cells is 

antagonised by IFN-y. Pre-treatm ent o f  m acrophages with IL-4 has also been 

dem onstrated to inhibit the production o f  IL-1 and T N F -a  in response to LPS or IFN-y. 

IL-4 can also inhibit the developm ent o f  T h l type responses, even in the presence o f  IL-12 

(Hsieh, M acatonia et al. 1993) or lL-12 signalling (N ishikom ori, Ehrhardt et al. 2000). IL- 

5 is a specific haem atopoietic growth factor that is responsible for the growth and 

differentiation o f eosinophils. Human B cells can also be made responsive to IL-5 by 

treatm ent with low doses o f  IL-1. M urine IL-5 also acts on B cells by stim ulating the 

production and secretion o f  IgM and IgA by B cells stimulated with LPS (Purkerson and 

Isakson 1992).

1.13.4 IL-6

IL-6 is produced by a variety o f cells including DC, m acrophages, T cells, B cells 

and glial cells. IL-6 is a pleiotropic cytokine influencing antigen-specific im mune 

responses and inflam m atory reactions (Hirano 1992). lL-6 is a B cell differentiation factor 

in vivo and in vitro and an activation factor for T cells. In the presence o f  IL-2, IL-6 

induces the differentiation o f  m ature and immature T cells into cytotoxic T cells. IL-6 is 

capable o f  inducing the final m aturation o f B cells into im m unoglobulin-secreting plasm a 

cells, if these cells have been pre-activated by IL-4 (Van Snick 1990). In B cells IL-6 

stimulates the secretion o f  antibodies to such a degree that IgG l levels in serum can rise 

120-400 fold. Inhibition o f  p38 or ERK significantly has been shown to reduce IL - ip -  

induced IL-6 release (Parker, Luheshi et al. 2002).
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1.13.5 IL-10

IL-10 is produced by innate cells, including macrophages and DC in response to 

certain PAMPs including TLR ligands and is known to suppress the synthesis o f a number 

o f pro-inflammatory cytokines, such as IL-12. Indeed, IL-10 and IL-12 are differentially 

regulated by the induction o f the MAPKs, ERK and p38. ERK activation was shown to 

suppress IL-12 production, but to be essential for IL-10 production, while p38 activity was 

essential for the induction o f both IL-10 and IL-12 expression by CpG DNA. ERK and 

p38 therefore differentially regulate the production o f pro- and anti-inflammatory 

cytokines in DC and macrophages that have been activated by TLR such as CpG DNA. 

Therefore, it has been suggested therefore that ERK plays a central negative regulatory role 

in the CpG DNA-mediated Thl type response by promoting production o f the Th2 type 

cytokine, IL-10 (Yi, Yoon et al. 2002). IL-10 blocks the nuclear translocation o f the p65, 

but not p50, subunit o f NF-kB, leading to an accumulation o f inhibitory p50 homodimers 

in the nucleus and an associated inhibition of the expression of pro-inflammatory genes 

(Volk, Asadullah et al. 2001). Analogous to the role o f IL-12 in driving the polarization of 

Thl type responses, IL-10 appears to be a crucial cytokine for the generation o f Trl cells 

in vivo and in vitro. It has been shown that a virulence factor o f Bordetella pertussis, 

filamentous haemagglutinin, inhibited IL-12 production and augmented IL-10 secretion by 

immature DC, enabling the DC to direct naive T cells into a regulatory Trl type phenotype 

(McGuirk and Mills 2002).

1.13.6 IL-12 family

IL-12 production is induced by pathogens including bacteria, bacterial products, 

viruses and viral nucleic acid, by innate cells and is required for the development o f IFN-y 

secreting CTL in vitro and for driving the differentiation o f CD4+ T cells into Thl type 

cells (Sad, Marcotte et al. 1995). IL-12 is a heterodimeric 70 kDa glycoprotein (IL-12p70) 

consisting o f a 40 kDa (IL-12p40) and a 35 kDa subunit linked by disulfide bonds. The 

p40 subunit shows some homology with the extracellular domain o f the receptor for IL-6 

(Gearing and Cosman 1991). p40 has also been shown to be a subunit o f another

composite cytokine IL-23. IL-12 p40 is usually made in excess o f p35 and consequently 

the amount o f IL-12 heterodimer assembled is restricted by the extent to which APCs make 

p35 (Schoenhaut, Chua et al. 1992; Snijders, Hilkens et al. 1996). IL-12 and TN F-a are 

co-stimulators o f IFN-y production with IL-12 maximising the IFN-y response. IL-12 

reduces the synthesis of IL-4, IL-5 and IL-10 from Th2 cells (Tripp, W olf et al. 1993). In 

several studies, Thl responses have been shown to decrease rapidly in the absence o f IL-
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12, resulting in a loss of protective immunity to intracellular pathogens such as Leishmania 

and Toxoplasma (Park, Hondowicz et al. 2000; Yap, Pesin et al. 2000). Microbial 

products, such as LPS and CpG motifs in bacterial DNA stimulate IL-12 production from 

macrophages and DC through the activation of PRRs. This IL-12 then induces the 

production o f IFN-y from NK cells and antigen-activated T cells, resulting in the 

differentiation o f Th precursors towards a Thl phenotype. However it has been 

demonstrated that IL-23 and IL-27 are also involved in the generation and expansion of 

Thl cells (Trinchieri 2003). IL-12 may also induce expression of CD40 on DCs. Further 

IL-12 production may be sustained during communication of DCs with activated T cells 

via CD40-CD40L interactions, resulting in the augmentation o f the developing Thl 

response (Agrawal, Agrawal et al. 2003; O'Sullivan and Thomas 2003). In addition, it has 

been shown that CD40L and IL-1 cooperatively activate DC to secrete high levels o f IL-12 

(Wesa and Galy 2002).

1.13.7 TNF-a

TN F-a is secreted by macrophages, DC, monocytes, neutrophils, NK cells and T 

cells following stimulation with TLR ligands such as bacterial LPS, its production, is 

inhibited by IL-6 and TGF-P (Brouckaert, Libert et al. 1993). TTMF-a has many biological 

activities including the cytolysis o f tumour cells (Asher, Mule et al. 1991; Blankenstein, 

Qin et al. 1991), the inhibition o f anti-coagulatory mechanisms (Muggia, Brown et al. 

1992), and while being a potent chemoattractant for neutrophils also induces the synthesis 

of a number o f other chemoattractant cytokines (Larrick and Kunkel 1988). It promotes 

the proliferation o f astrocytes and microglia (Merrill 1991) and can enhance the 

proliferation of T cells in the absence o f IL-2. TN F-a mediates part o f the cellular immune 

responses against facultative bacteria and parasites demonstrated by the fact that anti-TNF- 

a  antibodies weaken the ability o f mice to confer protection against Listeria 

monocytogenes infection (Pfeffer, Huecksteadt et al. 1993).

1.14 Vaccination- harnessing the immune response

Modern day immunisation techniques have advanced significantly since the days of 

Jenner and Pasteur who discovered that immunity against infection can be conferred by 

vaccination. It is now known that requirements for successful vaccination vary depending 

on the nature o f the infecting organism. Along with an understanding of the antigens 

involved, many other factors need to be taken into account in the design o f an effective
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vaccine. The main aim o f  a vaccine is to confer sustained protection for several years 

against illness resulting from exposure to the live pathogen. Ideally this vaccine should 

induce strong neutralizing antibody responses and/or protective cell m ediated responses 

against the pathogen. O f course the vaccine needs to be safe and m ust not induce adverse 

effects. It m ust also be cost efficient, biologically stable and easy to adm inister.

Despite m any successes, there are several diseases like malaria, tuberculosis and 

hum an im m unodeficiency virus (HIV), which have proven to be more o f  a challenge in 

successful vaccine design. Attem pts at creating a vaccine against these diseases have 

shown that vaccine induced protective immunity is either ineffective or difficult to induce. 

This could be due to the fact that the vaccines focused on generating antibodies when 

protective immunity in these cases may be conferred by cellular im munity i.e. the response 

m ediated prim arily by CD4^ or CD8^ T cells. It is known that cellular immunity can be 

induced following vaccination with live attenuated organism s, how ever in certain diseases, 

such as HIV, attenuated vaccines m ay be difficult because o f  m anufacturing and safety 

concerns. Therefore, there is great need for im provem ent in several areas o f  vaccine 

developm ent. Firstly, the range o f diseases, which can be prevented, has to be expanded. 

Secondly, protective antigens have to be defined in order to make use o f  recom binant 

approaches and obviate the need for whole pathogens. Thirdly, new adjuvants have to be 

developed which have low toxicity, high potency and are also able to prom ote immune 

responses in the desired direction (Zauner, Lingnau et al. 2001).

1.15 Adjuvants -  enhancing the innate response to promote the 

adaptive response

Purified native antigens and recom binant proteins are poorly im m unogenic when 

adm inistered by them selves. Strong adaptive immune responses to protein antigens alm ost 

always require that the antigen be injected along with an adjuvant. A djuvants are defined 

as substances that enhance immune responses to antigens and can fall into two categories, 

delivery system s and im m unom odulators. Firstly, there are adjuvants that can convert 

soluble protein antigens into particulate material, which is more easily ingested by APCs. 

These include alum, F reund’s adjuvant (oil-in-w ater em ulsion) or colloidal particles. 

W hile these adjuvants are shown to improve im m unogenicity, their efficacy can often be 

weak unless they contain bacteria or bacterial products. M ore recently microbial products 

have been shown to enhance the im m unogenicity o f  antigens and thus could have an 

im portant role in the developm ent o f new vaccines. M icrobial products can activate
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immune system responses through binding to recognition receptors on APCs; these have 

been termed immunostimulatory adjuvants (O'Hagan, MacKichan et al. 2001). However, 

some o f these molecules can result in the generation of undesired side effects, precluding 

their use in human vaccines. Because o f these undesirable properties, new and improved 

vaccine adjuvants are required to produce new generation vaccines. Since Jules Freund 

demonstrated that crude mycobacterial extracts enhanced immune responses to antigens in 

the 1940s, adjuvants have become a widely used commodity in the promotion o f T and B 

cell responses. More recently newer adjuvants have been identified and are being tested in 

animal models and clinical trials and have undergone extensive investigations on their 

mechanisms o f action.

1.16 Vaccine delivery systems - Chitosan

Chitosan [a  (1"^4) 2-amino 2-deoxy P-D glucan] is a positively charged linear 

polysaccharide that is obtained by the deacetylation of chitin, the major compound of 

exoskeletons in crustaceans that is closely related to cellulose (van der Lubben, Verhoef et 

al. 2001). It is bioadhesive and able to interact with nasal epithelial cells and the 

overlaying mucous layer. This interaction provides a longer contact time for drug transport 

across the nasal membrane before the formulation in question is cleared by the mucociliary 

clearance mechanism (Ilium 2003). It is known that the deacetylated form o f chitosan is 

capable o f opening tight junctions and in this way allows paracellular transport across the 

epithelium. Along with this, chitosan has also been reported to have immune stimulating 

activity such as inducing cytokine production from macrophages and enhancing cytotoxic 

T-lymphocyte responses (Seferian and Martinez 2000). It has also been demonstrated that 

chitosan is effective at enhancing local and systemic responses when used as part o f a nasal 

vaccine (McNeela, O'Connor et al. 2000).

1.17 Disease models

1.17.1 Bordetella pertussis

B. pertussis is a gram-negative bacterium that causes the acute and severe 

respiratory infection and produces the characteristic signs o f whooping cough. The disease 

is particularly severe in infants and young children, and the list o f complications associated 

with the infection at this age includes convulsions, brain damage and as a result o f  these 

and other debilitating symptoms, death. The introduction of B. pertussis into the
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respiratory tract is followed by interaction with ciliated epithelial cells, thought to be 

dependent on bacterial adhesins, of which five have been suggested: FHA, pertactin 

(PRN), fimbriae, pertussis toxin (PT), and tracheal colonisation factor. This interaction is 

thought to lead to cilia paralysis and death o f the ciliated cells, which is probably mediated 

by a synergistic effect involving tracheal cytotoxin (TCT) and LPS. This inevitably leads 

to defective mucociliary clearance allowing the bacteria to establish and move down the 

respiratory tract. It is also thought that further damage to the respiratory tract occurs by the 

presence o f PT and CyaA, which are also thought to interfere with immune responses. The 

pathogenesis of B. pertussis infection may also involve an intracellular stage, although this 

has not been proven. Bordetellae can invade and survive within phagocytes (including 

DCs and non-phagocytic cells) in vitro and have been found in alveolar macrophages from 

children with AIDS (Preston and Maskell 2002). This intracellular survival property may 

explain the prolonged nature of the cough in many cases o f the disease. Therefore, cell 

mediated immunity is required to combat intracellular infection, distinct from the antibody 

responses previously thought to be sufficient for protection.

Despite major steps towards the eradication o f polio and the feasible eradication of 

measles, disease caused by B. pertussis infection persists. Immunisation has had a 

profound effect on reducing the incidence of pertussis, however the number o f children and 

adults infected with B. pertussis has increased in recent years. This is partly due to 

incomplete vaccine coverage and also due to the failure o f the acellular pertussis vaccine 

(Pa) to prevent infection. The perceived reactogenicity of pertussis vaccines is perhaps the 

major reason for incomplete B. pertussis vaccination coverage in the developed world. 

LPS is the likely main contributor to this reactogenicity, in particular the lipid A region of 

the molecule which contains most of the endotoxin activity of LPS and is thus likely to be 

a major cause o f the reactogenicity of a pertussis vaccine. Since the introduction o f the 

pertussis vaccine, it has been noted that early vaccination is essential. Immunizing young 

infants however produces weaker antibody responses and therefore reduces the long-term 

immunity to the bacterium. It has been suggested that antibody responses are critical in the 

clearance o f the bacteria in the murine model, demonstrated through the use o f B cell 

deficient mice (Mahon, Sheahan et al. 1997; Kirimanjeswara, Mann et al. 2003). Although 

boosting strategies have been developed, the duration of immunity after vaccination with 

the whole cells (Pw) vaccine varies between 6 and 8 years and is lower with Pa (Mills, 

Ryan et al. 1999). Following natural infection, the duration of immunity can be as long as 

15 years (Wirsing von Konig, Postels-Multani et al. 1995), which shows that vaccination
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against B. pertussis with current vaccines lactcs the desired long-term immunogenicity 

provided by infection with the bacteria itself.

The initial vaccine developed to provide immunity against B. pertussis consisted of 

a whole cell preparation which although effective at providing protection against infection, 

(Church 1979; Simondon, Preziosi et al. 1997) has been associated with several 

neurological side effects including encephalitis/encephalopathy, prolonged convulsions 

and Reye’s syndrome (a condition almost always associated with a previous viral infection 

such as influenza or chickenpox) (Br Med J (Clin. Res. Ed.)(1982)). Although these 

associations between a number o f serious illnesses and pertussis immunisation have been 

proposed at various times, there have been no convincing evidence that the pertussis 

vaccine can cause permanent neurological problems (Howson and Fineberg 1992). The Pa 

vaccine, which was developed in an attempt to produce a safer vaccine, gives fewer local 

adverse reactions than the Pw vaccines (Decker, Edwards et al. 1995; Schmitt-Grohe, Stehr 

et al. 1997). Pa vaccines, like Pw can cause local reactions with increasing numbers of 

doses, however this use is associated with significantly lower rates o f the infrequent but 

severe systemic reactions e.g. febrile convulsions observed with Pw in children (Uberall, 

Stehr et al. 1997). Single doses o f Pa vaccine have also been shown to result in infrequent 

adverse reactions when administered to adults (Edwards, Decker et al. 1993; Keitel, Muenz 

e ta l. 1999).

Although Pa are considerably safer than Pw, they are not as effective, especially 

against mild disease (Greco, Salmaso et al. 1996; Gustafsson, Hallander et al. 1996). 

Immunisation with the Pw vaccine selectively primes Thl cells whereas Pa immunisation 

results in the generation of T cells that predominantly secrete Th2 cytokines (Barnard, 

Mahon et al. 1996). It is thought that the levels o f endotoxin (LPS) in the Pw vaccine 

could contribute to the Thl bias created following immunisation due its ability to induce 

lL-12. However the higher levels o f LPS in the Pw vaccine could be a contributing factor 

in the increased risk of undesirable side effects produced following administration o f the 

Pw. Optimum protection against B. pertussis appears to require a cell-mediated immune 

response, where CD4^ T cells are stimulated resulting the secretion o f IFN-y and lower 

levels o f Th2 related cytokines, IL-4, IL-5 and IL-13. Therefore to achieve the desired Thl 

response using the Pa, it may be necessary to use a Thl-inducing adjuvant. As LPS itself 

can cause undesirable immune reactions, such as septic shock at high doses, alternative 

Thl-prom oting adjuvants must be required. It has been reported that recombinant IL-12 

can enhance the efficacy o f a Pa by enhancing Thl responses (Mahon, Ryan et al. 1996). 

The documented Thl-inducing abilities o f CpG-ODN could also be exploited as a
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component o f the Pa, to polarise the response towards cell mediated immunity. CpG-ODN 

are potent immune stimulators and have, as yet, not been shown to induce any adverse 

effects when injected systemically. As cell mediated immunity is likely to be required to 

combat intracellular infection, a property o f B. pertussis, CpG-ODN could prove to be 

useful in the enhancement of the immune response using the Pa vaccine.

1.17.2 M ycobacterium tuberculosis

Mycobacterium tuberculosis is a gram-positive bacillus, capable o f surviving 

within mononuclear phagocytes in the lower respiratory tract and is the causative agent of 

TB. Estimates suggest that one-third o f the world’s population is latently infected with M  

tuberculosis, causing 8 to 12 million new cases o f active TB and 3 million deaths each 

year, which makes TB the leading cause o f death from an infectious agent (Bloom and 

Murray 1992; Raviglione, Snider et al. 1995; Raviglione 2003). Vaccination with 

mycobacterium bovis Bacillus Calmette-Guerin (BCG) has been used for more than 75 

years but its efficacy varies tremendously in different populations (Fine 1995). This, along 

with the emergence of m ultidrug-resistant TB, underlines the need for new and more 

efficient control measures.

The induction o f an acquired, protective immune response is a crucial therefore, if 

an M. tuberculosis vaccine is to be successful. Proinflammatory cytokine production by 

monocytes, macrophages and DCs play a major role in inducing Thl-biased cellular 

immune responses to the bacterium (Kaufmann 1993; Appelberg 1994; Fulton, Johnsen et 

al. 1996). The comparative genome analysis has revealed the existence o f several M. 

tuberculosis-S'pQC\^\c regions that are deleted in BCG. Work carried out to determine the 

immunological reactivity o f proteins encoded by genes located in these regions revealed 

several major antigens o f M  tuberculosis, including the 6 kDa early secreted antigen target 

(ESAT6). ESAT6 is a virulence factor secreted by M  tuberculosis and has been found to 

induce cell-mediated immune responses and IFN-y production from both CD4^ and CD8^ 

T cells during tuberculosis infection (Brandt, Elhay et al. 2000; Cardoso, Antas et al. 

2002). Immunization with ESAT6 or a peptide (aa51-70) from ESAT6, protects mice 

against challenge with M. tuberculosis. The protective efficacy o f immunization was 

further improved when ESAT6 was recombinantly fused with M. tuberculosis antigen 85B 

(Ag85B) (Mustafa Abu and Al-Attiyah 2003).

Antigen 853 is a component o f the antigen 85 complex, the others being Ag85A 

and Ag85C. They are major secretory proteins o f actively replicating M  tuberculosis 

(Belisle, Vissa et al. 1997). Ag85b (also known as a  antigen and MPT59) has been shown
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to be a strong Thl inducer (Takatsu and Kariyone 2003). Due to the ability o f these two 

proteins to induce cell-mediated immune responses to M. tuberculosis, a fusion protein 

combining Ag85b and ESAT6 was constructed by inserting the gene encoding both 

proteins into a cloning vector (Shi, Fan et al. 2004). Immunisation with a DNA vaccine, 

expressing ESAT6-Ag85b fusion protein, protected mice against primary infection with M. 

tuberculosis (Derrick, Yang et al. 2004).

1.17.3 H um an Im m unodeficiency Virus

Acquired immune deficiency syndrome (AIDS) is a life-threatening disease caused 

by the human immunodeficiency virus (HIV). AIDS was first reported in 1981 in the 

United States where it was noted that two strains o f the virus exist, HIV-1 and HIV-2. 

HIV-1 is responsible for most cases o f AIDS, whereas HIV-2 is increasingly prevalent in 

western Africa. Estimates suggest that more than 40 million people are infected with HIV 

with over 5 million new cases occurring each year in both the industrialised and 

developing world, which provides compelling evidence for the need for an AIDS vaccine. 

Infection begins when an infected carrier transmits the virus generally through sexual 

contact or by exposure to contaminated blood which, over time, results in the depletion of 

CD4^ T cells and hence susceptibility to infection. Entry o f HIV into host cells is 

mediated by the viral envelope glycoprotein, which consists o f two noncovalently 

associated subunits, gpl20 and gp41, derived by the proteolytic cleavage o f a gpl60 

precursor (Lu, Blacklow et al. 1995). The extracellular gpl20 subunit mediates viral 

binding to the host cell surface CD4 antigen (Dalgleish, Beverley et al. 1984). Upon 

binding o f gpl20 to CD4, the gpl20 molecule undergoes conformational changes enabling 

it to bind to the chemokine receptor CCR5 (CXCR4) (Choe, Farzan et al. 1996; Dragic, 

Litwin et al. 1996). This results in the exposure o f the fusion peptide in the membrane 

anchored gp41 subunit and its insertion into the target cell membrane, mediating fusion of 

the viral and cell membranes (Lu, Blacklow et al. 1995; Wyatt and Sodroski 1998; 

McCaffrey, Saunders et al. 2004). The gpl20 subunit consists of five variable regions 

(VI-V5) interspersed between five conserved regions (C1-C5) (Leonard, Spellman et al. 

1990). The variable regions contain complex glycans, which are responsible for the 

correct folding and processing o f the viral envelope protein (Li, Luo et al. 1993), however 

this glycosylation limits the immunogenicity o f gpl20 and in addition restricts the binding 

o f certain antibodies to their epitopes on the surface o f the virion.

The induction o f neutralising antibody responses to gpl20, that can block CD4- 

gpl20 interactions, has been one o f the main focuses in the development o f an HIV
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vaccine. Most HIV-infected individuals develop a relatively strong virus-specific CD8^ 

CTL response, which can account for up to 2% of or more of all CD8^ T cells (Ogg, Jin et 

al. 1998). Although the range of HIV CTL epitopes recognised by infected individuals 

varies, it appears that a more broadly directed CTL response correlates with slower disease 

progression (Pantaleo 1997). The development o f a vaccine that can both induce 

neutralising antibody production and enhance CTL responses using gpl20  may be 

successful therefore in suppressing viral activity. The recombinant envelope protein, 

gpl20SF162 is obtained from a strain o f the virus, HIV SF162 and is assessed in chapter 3 

as a suitable antigen for the development o f a mucosal vaccine against HIV.

1.17.4 Malaria

Although first visualised microscopically over 120 years ago the malaria parasite 

has resisted all efforts to control it, despite a century o f medical advancement including the 

discovery o f antibiotics and the development o f vaccines. Four types o f malaria exist that 

infect humans; Plasmodium falciparum, P. vivax, P. ovale and P. malariae. These strains 

occur in over 100 countries and territories and result in more than 40% of the world’s 

population being at risk o f infection, with 500 million cases annually. It is estimated that 

between 1 and 2 millions deaths, mostly o f young children, occur each year following 

infection with the malaria parasite (Good, Xu et al. 2005). Humans are infected with 

malaria through the bite o f malaria-infected mosquitoes. Infection with P. falciparum, if 

not promptly treated, may cause kidney failure, seizures, coma and death. Although 

malaria can be cured with prescription drugs, success depends on the kind o f malaria 

diagnosed, the age o f the patient and the stage o f infection. Effective treatment is also 

hindered by the rapid spread o f drug resistant forms o f the parasite. Therefore, the 

development of an effective and inexpensive vaccine is a major focus o f research. 

However this represents a significant challenge as the malaria parasite has a complex life 

cycle and has developed many immune evasion strategies.

Infection of the human host commences when a female mosquito injects 

sporozoites into the blood stream. Following infection, the sporozoites travel to the liver 

where they enter hepatocytes and develop over 1 week into an exoerythrocytic schizont 

containing merozoites. At this stage, a period o f dormancy can develop in certain species, 

however, in the case of P. falciparum  where no dormant stage exists, merozoites are 

released from infected hepatocytes and then invade red blood cells (RBCs). During this 

stage the parasite continues to multiply and change the physiological and biochemical
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processes o f  its host RBC (Kirk 2004). The m otility and trafficking is also affected by the 

expression o f parasite-encoded m olecules on the surface o f  the RBC.

As the parasite infection increases, innate immune m echanism s are activated, 

including NK cells and y5 T cells (Stevenson and Riley 2004). Also at this time sym ptom s 

o f the disease can occur, which include fever, chills, headache and gastro-intestinal 

sym ptoms. In naive, untreated individuals these sym ptom s can rapidly escalate into 

cerebral m alaria, anaem ia, severe organ failure and death. However, in sem i-im m une 

individuals, or during the first six months o f  life in a m alaria-endem ic com m unity, where 

the m other has developed immunity, parasite growth is attenuated (Good, Xu et al. 2005). 

The life cycle is com pleted in the human host by the form ation o f  sexual gam etocytes that 

develop w ithin the RBC. These are taken up by a m osquito during a blood meal, where the 

gam etes fertilise in the gut o f  the m osquito which eventually develop into m ature 

sporozoites. These travel to the salivary glands o f  the m osquito to continue the life cycle.

It has been found that immune responses can develop to all stages o f  m alaria, 

which are capable o f killing the parasite. This suggests that vaccine strategies can be 

aimed at sporozoites, liver stage forms, blood stage form s and sexual form s (Doolan and 

Hoffm an 2000; M oorthy and Hill 2002; W ipasa, Elliott et al. 2002; C hauhan and Bhardwaj 

2003).

M alaria parasites develop within RBC, how ever as these cells do not express MHC 

m olecules, host tissues identify parasite-encoded antigens on the surface o f  RBC through 

receptors such as CD36, ICAM-1 and hyaluronic acid. The m ost im portant o f  these 

antigens are the variant surface antigens (VSAs), w hich can induce antibody responses and 

clearance o f  the infection (Bull, Lowe et al. 1998). In m ost instances o f infection though, 

antibody responses are insufficient to clear infection. CMI is also considered to be 

necessary to clear infection. It was dem onstrated 20 years ago that CD4^ T cells, 

independent o f  antibody, can limit parasite growth (Grun and W eidanz 1983). This 

suggests that providing vaccine-induced cell-m ediated im munity (CM I) m ay provide an 

additional vaccine strategy. Infected RBC also influence the innate system by inhibiting 

m aturation o f both hum an and rodent DC (Urban, Ferguson et al. 1999; O cana-M orgner, 

M ota et al. 2003). Some species have also been shown to decrease IL-12 and increase IL- 

10 production from DC (Ocana-M orgner, M ota et al. 2003). Ligation o f  CD 36 and/or 

CD51 on hum an DC m imics the inhibition o f  DC by infected RBC suggesting that these 

receptors are involved in the induction o f negative-regulatory signals to DC (Urban, 

W illcox et al. 2001). However, despite these studies on DC, the receptors that recognise
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infected RBC and the way in which they capture and process malaria antigens are 

unknown.

The sporozoite (in saliva o f mosquito) and liver stage o f Plasmodium  are potential 

targets o f a malaria vaccine. Circumsporozoite protein (CSP), a predominant surface 

antigen on sporozoite surface, has been associated with the binding and invasion o f liver 

cells by the sporozoites (Rathore, Hrstka et al. 2003). To date, CSP-based vaccines of P. 

falciparum  (Pf) have provided limited protection. However some reports have suggested 

that increased protection can be achieved by combining peptides against several defined 

epitopes in one vaccine (Kublin, Lowitt et al. 2002). A synthetic peptide representing the 

P. falciparum  circumsporozoite (PfCS) C-terminal region (amino acids 282-383) 

(Roggero, Weilenmann et al. 1999; Lopez, Weilenman et al. 2001) has previously been 

shown to induce strong and protective immune responses when administered 

subcutaneously in biodegradable microspheres (Peyre, Audran et al. 2004). Other studies 

using plasmid DNA vaccines encoding the circumsporozoite protein from P. yoelii, 

(PyCS), which is a murine parasite, demonstrated the induction o f protective responses 

against sporozoite infection using this plasmid in the presence o f GM-CSF (Weiss, Ishii et 

al. 1998). Sequential immunization with a PfCS DNA vaccine and recombinant protein 

induced PfCS-specific antibody, Thl CD4"  ̂ T cells and CD8^ cytotoxic T cell (Wang, 

Epstein et al. 2004), which suggest that this protein may contribute to the generation o f an 

effective vaccine against malaria.

1.18 Aims of the study

A major obstacle in the development of vaccines that generate protective immune 

responses is the identification of effective new adjuvants. The aims o f this study were 

firstly to evaluate the effectiveness of chitosan and two modified bacterial toxins, LTK63 

and CTAl-D D, as adjuvants for the nasal delivery o f novel peptides/proteins from the 

malaria parasite, the HIV virus or TB, in mice. Understanding the mechanism o f action of 

adjuvants, such as CpG-ODN or LPS, may make it possible to design protective vaccines 

based on prior knowledge o f the correlates o f protective immunity. Therefore, this study 

also investigated the influence o f an array o f immunomodulatory molecules on DC 

maturation and cytokine or chemokine production in vitro, which may provide some 

insight into the ability of these molecules to induce specific types o f immune responses in 

vivo. Furthermore, the effects o f regulatory T cells, generated by these molecules, were 

assessed to determine if their suppressive effects compromised vaccine efficacy in an
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established murine challenge model. In contrast, the immunomodulatory molecule, 

A S lO l,  which is capable o f  inhibiting IL-10 production, was also assessed for its ability to 

enhance cell-mediated immune responses when administered as part o f  a vaccine 

formulation.
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and MAP kinases. These pathways lead to the production of cytokines such as TNF and 

other pro-inflammatory proteins (Liew et al. 2005).
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Fig. 1.2. Schematic demonstrating the generation of T h l, Th2 and Treg responses.

Binding of conserved pathogen-derived molecules to pattem-recognition receptors (PRRs), 

such as Toll-like receptors (TLRs), on the cell surface of macrophages and DCs activates 

the production o f pro-inflammatory cytokines and chemokines, which help to attract other 

effector cells to the site of infection. Pathogen-activated DCs present pathogen-derived 

antigens to T cells and promote the differentiation o f naive T cells to various subtypes of 

effector CD4^ and CD8^ T cell. Many of these responses can cause host tissue damage, for 

example, excessive inflammation from uncontrolled pro-inflammatory cytokine and 

chemokine production by innate immune cells and Thl cells, eosinophilia and allergic 

reactions from uncontrolled Th2-cell responses, and killing of host cells by CD8^ cytotoxic 

T lymphocytes (CTLs) and NK cells. In normal individuals, regulatory T cells (both 

natural regulatory T cells circulating in the periphery and those induced by infection) help 

to control these effector functions and the associated damage to host tissues (Mills 2004).
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Chapter 2 

Materials and Methods



2.1 Media and Buffers

2.1.1 Am m onium  chloride lysis solution

0.87 g A m m onium  chloride (NH4CI)

Dissolved in 100 ml ddH2 0 , pH adjusted to 7.2, and filter sterilized before use.

2.1.2 Bordet Gengou m edium

250 ml ddH jO

2.5 ml Glycerol

7.5 g Bordet Gengou agar

The m edium  was autoclaved at 121°C for 20 mins, allow ed to cool and supplem ented with 

1 ml o f  cephalexin and 50 ml o f pre-warmed sterile defibrinated horse blood.

2.1.2.1 Cephalexin

0.1 g c e p h a le x in  d is s o lv e d  in 10 m l d d H 2 0  an d  f i l te r  s te r i l ized .

2.1.3 1% Casein

6 g NaCl

10 g Casam ino acids 

Dissolved in 1 L o f ddH^O, pH adjusted to 7.2 and autoclaved at 115°C for 20 minutes.

2.1.4 Cell culture m edium

Roswell park m em orial institute (RPM1)-1640 medium  was supplem ented with 8% heat 

inactivated (56°C for 30 mins) foetal ca lf serum (FCS), 100 U/ml penicillin, 100 )o.g/ml 

streptom ycin (Gibco) and 100 mM L-Glutam ine (Gibco). Com plete RPM l was used to 

culture all cells isolated from m urine spleens and lymph nodes as well as bone marrow 

derived dendritic cells and hum an peripheral blood m ononuclear cells.

2.1.5 Electrophoresis running buffer

3 g Tris base (25 mM )

14.4 g Glycine (200 mM )

I g  S D S (1 7 m M )

IL  dHjO
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2.1.6 FACS buffer

489.5  ml PBS

10 m l FCS

0.5 m l 10% Sodium  azide (N aN s)

2.1.7 Phosphate buffered saline (PBS)

8 g Sodium  ch lo ride  (N aC l)

1.16 g Sodium  hydrogen  phosphate  (N a2H P 0 4 )

0.2  g Po tassium  dihydrogen  phosphate  (KH2PO4) 

0.2 g Po tassium  ch lo ride (K C l)

D isso lved  in 1 L ddH 20 , pH  adjusted  to  7 and stored  a t 20°C .

2.1.8 Phosphate citrate buffer

10.19 g C itric  acid m onohydrate

36 .9  g Sodium  hydrogen  phosphate

D isso lved  in 1 L d dH iO , pH  ad justed  to  5 and stored at 4°C.

2.1.9 Stainer and Scholte m edium  

2.1.9.1 Basal medium

10.72 g L -G lu tam ic  acid (m onosod ium  salts)

0 .24 g L -Pro line

2.5 g N aC l

0.5 g KH2PO4

0.2 g KCl

0.3 g M agnesium  ch lo ride (M gC l2.6H 20)

0.4 g C alc ium  ch lo ride (C aC l2.2H 20)

1.525 g Tris

D isso lved  in 1 L o f  dd H 2 0  and  pH  adjusted  to  7.2. The m edium  w as then 

au toclaved  at 12 I°C  fo r 20 m ins, a llow ed  to  cool and 1 m l o f  supp lem en t added  per 100 m l 

o f  basal m edium  before  use.
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2.1.9.2 Supplement (for Stainer and Scholte medium)

0.4 g L-Cysteine (dissolved in 1 ml o f  concentrated HCl)

0.5 g Ferrous sulphate (FeS0 4 .7H2 0 )

0.6 g Ascorbic acid 

0.7 g Nicotinic acid 

1 g Glutathione

Dissolved in 100 ml o f  ddH20, filter sterilized and stored at 4°C for up to 5 weeks.

2.10 Strip buffer

50 mM Glycine-HCl pH 2

dHsO

2.11 Transfer buffer

2.73 g Tris-HCl pH 8.3 (25 mM)

13 g Glycine (0.2 M)

180 ml 20 % (v/v) Methanol

0.45 g (w/v) SDS (0.05%)

Dissolved in 720 ml dH20

2.12 Ix Sample buffer

62.5 mM Tris HCl pH 8.6

10% (v/v) Glycerol

2% (w/v) SDS

0.1 % (w/v) bromophenol blue

dH 20

Just before use, 50 mM DTT was added.
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2.2 Materials

2.2.1 Animal strains

Three strains o f mice were used during the course of this study; specific pathogen 

free BALB/c, C57BL/6 and mice deficient in the gene responsible for IL-10 production 

(IL-10'^‘). All mice were bred and maintained under the guidelines o f the Irish Department 

of Health and were between 8-12 weeks old at the initiation o f each experiment.

2.2.2 Antibodies

The specificities and source o f monoclonal and polyclonal antibodies used in 

ELISA are detailed in Table 2.4. Sources o f antibodies used in FACS are listed in Table 

2.6. Antibodies used in western blotting are given in Table 2.7.

2.2.3 Antigens used in im m unisations

A list of antigens used in immunisations, their concentrations and suppliers are 

listed in Table 2.1.

2.2.4 Cell signalling inhibitors

The phospho-ERK and phospho-p38 specific inhibitors U0126 and SB203580 

respectively, were purchased from Calbiochem and dissolved in DMSO. All inhibitors 

were kept at -20°C in the dark until required.

2.2.5 Cytokine standards

Murine cytokines were obtained from commercial sources as outlined in table 2.5

2.2.6 Bacterial antigens

Purified filamentous haemagglutinin (FHA) was purchased from HPA, Salisbury, 

UK and recombinant pertussis toxin (PT-9K/129G) was supplied by Chiron Corporation, 

Siena, Italy. All other B. pertussis related preparations were prepared from bacteria grown 

in the lab.
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2.2.7 Bordetella pertussis

Bordetella pertussis Wellcome 28 phase 1 stocks were provided by Keith Redhead 

at the National Institute for Biological Standards and Control (NIBSC), Herts, UK.

2.2.8 Immunomodulatory m olecules

A list o f the immunomodulatory molecules used, and their suppliers, are detailed in 

Table 2.3.

2.2.9 Pertussis vaccines

Acellular and whole cell pertussis vaccines were obtained from NIBSC and 

prepared in sterile PBS (Table 2.2).
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2.3 Methods

2.3.1 B. pertussis sonicate preparation

B. pertussis was grown in Stainer and Scholte medium for 3 days. Bacteria were 

centrifuged at 10,000 rpm for 15 minutes and the resulting pellet was resuspended in PBS. 

Bacteria were sonicated for 2 minutes using a pulse setting. The sonicate was centrifuged 

at 12,000 rpm for 10 minutes and the protein concentration o f the supernatant was 

estimated by BCA assay.

2.3.2 Preparation of B. pertussis total protein isolate

B. pertussis was grown in Stainer and Scholte medium for 3 days and centrifuged at

10.000 rpm for 15 mins. The bacterial pellet was resuspended in 0.5 ml of Tri-reagent for 

every 5ml o f Stainer and Scholte medium. After 5 minutes at room temperature, 0.1 ml of 

chloroform was added for every 0.5 ml tri-reagent and the mixture was shaken and 

incubated for 15 minutes. This mixture was then centrifuged at 12,000g for 15 minutes 

and the resulting top aqueous layer and middle white layer were removed. 150 (il o f  100% 

ethanol, for every 0.5 ml o f Tri-reagent used, was added to the pink lower phase and 

mixed. The mixture was allowed to stand for 3 minutes before centrifuging at 2,000 g for 

15 minutes at 4°C. The supernatant was isolated and the proteins were precipitated with 

0.75 ml isopropanol for 10 minutes. The proteins were collected by centrifugation at

12.000 rpm for 10 minutes and the pellet was washed with 95% ethanol three times. The 

pellet was resuspended in 8M Urea, added drop-wise until the proteins entered solution. 

The protein content was measured by BCA protein assay.

2.3.3 UV Sterilisation

Protein antigens or other preparations required for use in tissue culture were 

sterilised by exposure to UV-irradiation at 254 nm for 15 mins at a distance o f 8 cm from 

the light source. UV-irradiation was carried out in media free of phenol red as this dye 

(present in RPMl-1640 medium) generates toxic free radicals upon exposure to UV light.

2.3.4 Protein quantification using the BCA assay

Protein concentrations were determined using a BCA assay kit (Pierce, Rockford, 

IL) according to the manufacturers instructions. Standards were prepared from a stock 

solution of 2 mg/ml bovine serum albumin (BSA) in dH20. Standards ranging from 31.25 

jag/ml to 2000 (o.g/ml in a volume of 10 |j,l were added to a 96-well microtitre plates
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(Greiner Bio-one) in triplicate. 10 )o,l o f  sample was added to the plates in triplicate and 

200 |o,l o f the BCA solution was added to the samples in each well. The plates were 

incubated at 37°C for 30 mins to allow the reaction to develop and the absorbance was 

measured at 562 nm using a microtitre plate reader. The concentration o f protein in the 

samples was then calculated from the standard curve generated from the ESA standards.

2.3.5 Determ ination o f endotoxin levels in protein sam ples.

The endotoxin concentrations of protein preparations was quantified using a 

Limulus Ameobocyte Lysate (LAL) pyrochrome assay (Associates o f Cape Cod 

incorporated, MA) according to the manufacturers instructions. Standards were prepared 

in LPS free H2 O to give 1 EU/ml (equivalent to 100 pg/ml). Standards ranging from 1.56 

pg/ml to 100 pg/ml were added to the wells o f flat-bottomed 96-well microtitre plates 

(Greiner Bio-one) in triplicate. 50 fil o f  sample was also added to the plates in triplicate. 

LAL reagent and substrate were then added to standards, samples and blank (LPS free 

H2 O) and were incubated at 37°C for 30-40 minutes. Colour development was stopped 

with 50 |j,l/well o f 50 % acetic acid before reading the absorbance at 405 nm using a 

microtitre plate reader (Molecular Devices). The concentration o f endotoxin in the 

samples was then calculated from the standard curve generated from the LAL standards.

2.3.6 Generation o f murine bone marrow-derived dendritic cells

Bone marrow-derived dendritic cells (BMDC) were generated from BALB/c, 

C57BL/6 and IL-10'^' mice using a method similar to that described by Lutz et al. (Lutz et 

al. 1999). Mice were euthanised and their femurs and tibiae removed and dissected from 

the surrounding tissue. The bone marrow was flushed out with RPMl-1640 medium using 

a 27G needle attached to a 10 ml syringe. Cell aggregates were disintegrated using a larger 

needle to prevent damaging the cells. The resulting cells were pelleted by centrifugation at 

1200 rpm for 5 mins and resuspended in 1 ml o f ammonium chloride lysis solution for 1 

min to lyse red blood cells. Lysis was stopped by the addition o f 9 ml o f RPMI and cells 

were centrifuged again and resuspended in 5 ml o f fresh RPML Cell viability was assessed 

using trypan blue. Immature BMDC were prepared by culturing cells at 1 x 10  ̂cells/ml in 

a tissue culture flask in RPMI supplemented with 40 ng/ml GM-CSF. GM-CSF was 

present in the form of supernatant from a GM-CSF-expressing J558 cell line (provided by 

Nathalie Winter, Pasteur Institute, Paris, France). After 3 days in culture, an additional 15-
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20 ml o f  fresh RPMI supplem ented with GM -CSF was added to each flask o f  cells. On 

day 6 flasks were gently rem oved and from the incubator and cell culture supernatants 

were rem oved carefully to elim inate contam inating non-adherent cells from the culture. 10 

ml o f  warm  sterile PBS was added to the flask and gently agitated before rem oving the 

PBS/cell suspension to a sterile 50 ml tube. 15 ml o f  sterile warm ed EDTA (0.02% ) was 

then added to each culture flask and cells were incubated for 10 mins to loosen adherent 

cells. A fter the 10 mins incubation time, the loosened cells were removed with a pipette 

and added to the cells in PBS and these were centrifuged at 1200 rpm for 5 mins. The 

resulting cell pellets were resuspended in 5 ml o f  RPMI and cell viability w as assessed. 

Cells were then re-cultured at 1 x 10^ cells/m l in com plete RPM I supplem ented with 40 

ng/ml GM -CSF. A fter a further 4 days o f  incubation, 15-20 ml o f fresh RPMI containing 

40 ng/ml GM -CSF was added to each flask. 2 days later the loosely adherent cells were 

harvested, viability determ ined and the resulting im m ature DC were plated out at the 

required concentration (usually 1 x 10^ cells/m l) in tissue culture plates overnight in 

com plete RPMI with 10 ng/ml GM -CSF before treatm ent the follow ing day.

2.3.7 Analysis o f BM DC maturation and cytokine secretion

BM DC were cultured in tissue culture plates at 37°C for an appropriate tim e (as 

indicated in the figure legends). For studies exam ining the im m unom odulatory effects o f 

various m olecules, DC were cultured at 37°C overnight and supernatants were then 

removed for analysis. For studies exam ining signalling pathways or the effect o f  bacterial 

toxins on TLR-induced cytokine production, DC were incubated for 90 mins in the 

presence o f the ERK inhibitor U0126 (1.25-5 |o,M), the p38 inhibitor SB203580 (10 ^M ), 

CT (1 )o,g/ml), CyaA (1 |^g/ml) or chitosan (10 |J.g/ml) before the addition o f  CpG-ODN 

(0.1-10 M-g/ml) or LPS (0.2-5 ng/ml). Supernatants were analysed for the presence o f IL- 

ip , IL-6, IL-10, 1L-I2p40, IL-12p70 and T N F -a  after 24 hours by ELISA.

2.3.8 D etection o f Innate Cytokines by ELISA

2.3.8.1 Murine IL -ip , IL-10, IL-12p70 and TNF-a ELISA

The concentrations o f  IL -lp , IL-10, IL-12p70 and T N F -a were measured using 

com m ercially available ELISA kits (R& D system s). High binding certified 96-well 

m icrotitre plates (Greiner B io-One) were coated overnight at 4°C with 50 )il/well o f  rat 

anti-m ouse IL - ip  (4 jag/ml), IL-10 (2 jag/ml), IL-12p70 (4 jig/m l) or T N F -a (0.8 |ig/m l)
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capture antibody in P B S . P lates w ere w ashed  in w ash  buffer and n o n -sp ec ific  b ind in g  sites  

w ere b lock ed  by adding 2 0 0  fa,l/well o f  b lo ck in g  so lu tion  (P B S /1%  B S A /5%  S u crose) and 

plates w ere incubated  for 2 hours at room  tem perature. P lates w ere w ashed  and 50  fa.l/well 

o f  c e ll supernatant or seria lly  d iluted  I L - ip  standard (0 -1 0 0 0  p g /m l), IL -10 standard (0-  

2 0 0 0  p g /m l), 1 L -I2p 70  standard (0 -1 5 0 0  p g /m l), T N F -a  standard (0 -1 5 0  n g /m l) in 

P B S /1 % B S A  so lu tion  w ere added and the p lates w ere incubated overn ight at 4°C . P lates  

w ere w ash ed  and incubated w ith  50 |i l /w e ll o f  b io tin y la ted  goat an ti-m ou se I L - ip  (1 0 0  

n g /m l), IL -10  (4 0 0  n g /m l), IL -12p 70  (4 0 0  n g /m l) or T N F -a  (1 5 0  n g /m l) in 1% B S A  in 

P B S  w ere added and incubated for 2 hours at room  tem perature. P lates w ere w ash ed  and 

I L - ip ,  IL -10 , IL -12p 70  and T N F -a  w ere d etected  by in cubating p lates for 4 0  m inu tes w ith  

50  fj,l/well o f  H R P conjugated  streptavidin  (1 :2 0 0  in P B S  /1%  B S A ). A fter  w a sh in g  the 

plates, 50  |j,l/w ell o f  O PD  substrate in phosphate citrate buffer w as added and co lour  

d ev e lo p m en t w as stopped  w ith  1 M  H 2 S O 4 . T he O D  va lu es w ere determ ined by m easuring  

absorbance at 4 9 2  nm  u sin g  a m icrotitre plate reader and cy tok in e con centration s for test 

sam p les w ere evaluated  u sin g  a standard curve prepared u sing  recom binant m ou se  IL -ip ,  

IL -10 , IL -12p 70 , and T N F -a  o f  know n concentration .

2.3.S.2 Murine IL-12p40 and IL-6 ELISA

M urine 1L -I2p 40  and lL - 6  w ere d etected  by sp ec ific  im m u n oassays u sin g  m atched  

pairs o f  m on oclon a l an tib od ies (PharM ingen, T able 2 .4 ). H igh b ind ing certified  9 6 -w e ll  

m icrotitre p lates (G reiner B io -O n e) w ere coated  overn igh t at 4°C  w ith  50  |u,l/well o f  rat 

an ti-m ou se IL -12p 40  (2  |ag/m l) or lL - 6  (1 fJ-g/ml) in PB S. P lates w ere w ashed  and n on 

sp ec ific  b ind ing sites  w ere b lock ed  by adding 2 0 0  ^1/w ell o f  b lock in g  so lu tion  (P B S /10%  

m ilk  p ow d er for 1 L -I2p 40  or P B S /3%  B S A  for IL -6 ) for 2 hours at room  tem perature. 

P lates w ere w ash ed  and incubated overn ight at 4°C  w ith  50  |i l /w e ll  o f  ce ll supernatant or 

seria lly  d iluted  IL -12  standard (0 -5 0 0 0  p g /m l) or IL - 6  standard (0 -5 0 0 0  p g /m l). A fter  

w a sh in g  the p lates in w ash  buffer, IL -12p 40  and IL - 6  w ere detected  by adding b iotinylated  

an ti-IL -12p 40  (2  fj.g/ml in P B S ) or b iotinylated  IL - 6  (1 |ag/m l) an tib od ies and incubated  for 

1 hour at room  tem perature. P lates w ere w ash ed  and IL -12p 40  and IL - 6  w ere d etected  by  

incubating p lates for 4 0  m ins w ith  50  |j,l/w ell o f  streptavid in  H R P (PharM ingen) (1 :1 0 0 0  in 

P B S ). P lates w ere w ashed  again  and 50  |a,l/well o f  O P D  substrate in phosphate citrate 

buffer w a s added until co lou r d ev elo p m en t w a s d etected . E n zym atic co lou r  d ev elo p m en t  

w as stopped  w ith  25 |j.l/w ell 1 M  H2SO4. A b sorb an ce w as read at 4 9 2  nm  and

56



concentrations o f  IL -12p40 and IL-6 in supernatants w ere evaluated from a standard curve 

prepared using recombinant murine IL-12p40 or IL-6 o f  known concentrations.

2.3.9 H um an IFN -y and IL-10

96-w ell microtitre plates (Greiner B io-one) w ere coated overnight at 4°C  with 50 |j,l 

o f  purified IFN-y or IL-10 coating antibody (1 |ig /m l) in PBS. After w ashing, non-specific  

binding sites were blocked by incubating plates for 2 hours at room temperature with 200  

)o,l/well o f  blocking solution (PBS supplem ented with 10% w /v dried milk). Plates were 

w ashed and incubated overnight at 4°C with 50 )j,l/well o f  test supernatant from human 

PBM C or serially diluted IFN-y (0-200  ng/m l) or IL-10 (0-2000  pg/m l) standard cytokines 

in RPMI. After washing, 50 |xl/well o f  biotinylated IFN-y or IL-10 detection antibody  

(1 i^g/ml in PB S) w as added and plates were incubated at room temperature for 1 hour. 

Plates were washed and cytokines were detected by incubating plates for 40 m ins at room  

temperature with 50 |al HRP-conjugated extravidin (1:1000 dilution in PBS). After 

w ashing the plates, O PD in phosphate citrate buffer (50 |il/w ell) w as added and colour  

developm ent was stopped with 50 |al/weli 1 M H2SO4. Absorbance w as read at 492  nm 

and cytokine concentrations in test supernatants were derived from a standard curves 

prepared from recombinant human cytokines o f  known concentration.

2.3.10 Flow cytometry analysis

DC surface marker expression w as analysed by staining with specific  antibodies 

and flow  cytom etry analysis using a FACS Caliber™  flow  cytom eter (B ecton-D ick inson , 

San Jose, CA). DC to be analysed were washed in FACS buffer (2% FCS/0.1%  N aN 3  

made up in PBS). N on-specific  binding w as prevented by incubating the DC with FACS  

blocking buffer (50%  FCS/50%  FACS buffer v/v) for 15 mins. DC were then transferred 

to falcon tubes or 96 w ell U bottomed plates in 100 )al o f  FACS buffer and incubated for 

30 m inutes with the appropriate antibody or isotype control antibody (Table 2.6). DC were 

w ashed and resuspended in 500 |o,l o f  FACS buffer and im m unofluorescence analysis 

performed using a FA C S Caliber. The results were analysed using CELLQuest^"^ 

software. 50 ,000  ce lls  were analysed per sample.
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2.3.11 Western blotting for MAP kinases

2.3.11.1 Stimulation of DC

DC (1 X 10^/ml) were incubated in vitro as described in 2.3.2 with either the pERK 

specific inhibitor U0126 (5 |a,M) or the pp38 inhibitor SB203580 (10 |iM) for 90 mins 

before the addition o f either LPS (1 |j.g/ml) or CpG-ODN (5 |ig/ml) for 15-30 mins. After 

the appropriate time, the supernatant was removed and the cells were lysed in 100 |j.l o f  Ix 

sample buffer. Samples were then sonicated for 10 seconds at 80% strength and boiled for

5 mins before storing at -20°C until required.

2.3.11.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Samples were resolved on sodium dodecylsulphate (SDS) polyacrylamide gel using 

a constant current o f 30 mA per gel. Samples were first run through a stacking gel (1.3 ml 

30% (w/v) acrylamide/bisacrylamide (Sigma-Genosys), 2.5 ml 1 M Tris-HC! pH 6.8, 60 |al 

10% (w/v) ammonium persulphate (APS), 60 |j.l 10% SDS and 10 |j,l TEMED made up to

6 ml with dH20) and then resolved using a 12% polyacrylamide gel (6.3 ml 30% (w/v) 

acrylamide/bisacrylamide (Sigma-Genosys), 3.75 ml 1.5 M Tris-HCl pH 8.8, 150 |j.l 10% 

APS, 150 )j,l 10% SDS and 10 |j 1 TEMED made up to 15 ml with dHaO. Samples were run 

with pre-stained protein markers (precision plus protein standards; Bio-Rad) as molecular 

weight standards.

2.3.11.3 Transfer of proteins to nitrocellulose membrane

The resolved proteins were transferred to nitrocellulose (Sigma-Aldrich) using a 

semi-dry transfer system. The gel, nitrocellulose paper and filter paper were soaked in 

transfer buffer. The nitrocellulose paper was placed on top o f one piece o f filter paper 

followed by the gel and another piece o f filter paper to make a layered sandwich. Air 

bubbles were then removed and the sandwich was placed on the anode o f the semi-dry 

blotter, which had been pre-moistened with transfer buffer. The lid containing the cathode 

was also pre-moistened and was firmly placed on top and the transfer was carried out at 

225 mA for 75 mins.
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2.3.11.4 Antibody blotting

M em branes were bioclced to prevent non-specific binding by incubation in bloci<ing 

buffer (5%  (w/v) non-fat dried m ilk powder in PBS/0.01%  Tween20 (PBS/T)) for 1 hour at 

RT. The m em brane was rinsed with wash buffer (PBS/T) and incubated w ith phospho- 

specific anti-p-ERK (Santa Cruz Biotechnologies, USA) or phospho-specific p38 (Cell 

Signalling Technology, M A, USA) (Table 2.7) at 4°C overnight with constant m ovem ent. 

The m em brane was washed for 5 mins in PBS/T 3 tim es at RT with constant m otion. The 

m em brane was then incubated with the appropriate second H RP-conjugated antibody 

(H RP-conjugated goat anti-m ouse IgG for p-ERK or HRP-conjugated goat anti-rabbit IgG 

for p38) (Sigm a) (Table 2.7) for 1 hour at RT. Again the nitrocellulose was w ashed and 

blots were developed by supersignal W est Pico chem ilum inescent substrate according to 

m anufacturers instructions (Pierce, Rockford, IL). The m em branes were placed between 

two sheets o f  transparent acetate before being exposed to photographic film for the 

required length o f  time. The film was processed using a Fuji X-ray processor. The blots 

were then washed and stripped using strip buffer for 30 mins before the addition o f anti- 

ERK or anti-p38 (Santa Cruz B iotechnologies, USA) overnight to detect for total non- 

phosphorylated ERK or p38. Blots were washed and the secondary H R P-conjugated goat 

anti-rabbit IgG (Sigm a) was added for 1 hour. After washing, blots were developed with 

supersignal W est Pico chem ilum inescent substrate and developed on photographic film as 

described above.

2.3.12 Immunisations

2.3.12.1 Intranasal immunisations

For the analysis o f  immune responses follow ing intranasal vaccine delivery, mice 

were im munised intranasally (i.n.) by applying the vaccine in a maxim um  volum e o f  20 |j,l 

to the external nares using a pipette. M ice received 3 im m unisations at weeks 0, 3 and 6 

and were sacrificed 10 days after the third immunisation.

2.3.12.2 Footpad immunisations

For the analysis o f  adjuvant efficacy, mice were im m unisation with KLH and 

adjuvant (Table 2.3) via the footpad with a m axim um  25 |al/hind footpad. M ice were 

sacrificed 7 days later.
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2.3.12.3 Intraperitoneal im m unisations

For the analysis o f pertussis vaccine efficacy, mice were immunised 

intraperitoneally (i.p.) with a maximum of 300 jil/mouse of either the acellular or whole 

cell pertussis vaccines. Mice received 2 immunisations at weeks 0 and 4 and were 

challenged with B. pertussis or sacrificed 2 weeks after the second immunisation.

2.3.13 Aerosol infection o f m ice

Mice were infected with B. pertussis using a modified version o f the method 

described by Sato et al., (Sato, Izumiya et al. 1980). Bordetella pertussis Wellcome 28 

phase 1 was grown at 37°C under agitation conditions in Stainer and Scholte liquid 

medium for 48 hours and bacteria was concentrated by centrifugation to 2 x 10'°/ml in 

physiological saline containing 1% casein. Mice were exposed for 15 mins to the 

challenge inoculum using a nebuliser directed into a chamber containing groups o f 20-30 

mice. Four mice from each experimental group were sacrificed four hours after aerosol 

challenge and at various other times after challenge to assess the number of viable bacteria 

in the lungs.

2.3.14 Enumeration of viable bacteria in the lung

Lungs were removed aseptically and homogenised in 1 ml o f sterile PBS containing 

1% casein on ice. 100 )al o f neat or serially diluted homogenate were plated out on Bordet 

Gengou plates and incubated at 37°C for 4 days. The numbers of colony forming units 

(CFU) were estimated. Results are given as the mean number o f B. pertussis CFU for 

individual lungs from 4 or 5 mice per experimental group.

2.3.15 A ssessm ent o f cell num ber/viability

Cell number/viability was estimated using Trypan Blue (Sigma). Cell suspensions 

were diluted with the appropriate amount o f Trypan Blue and placed in a haemocytometer 

to allow a cell count o f less than 200 cells. Non-viable cells stained blue.

2.3.16 D etection o f T cell cytokines

Spleen (2 x 10  ̂ cells/ml) or lymph node (1 x 10® cells/ml) cells were stimulated 

with antigen, mitogens (positive control) or medium alone (negative control). 

Supernatants were removed after 72 hours for analysis o f IL-4, IL-5, lL-10 and IFN-y 

concentrations. The concentrations of IL-4, IL-5, IL-10 and IFN-y were measured by 

ELISA using antibodies described in table 2.4. High binding certified ELISA plates
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(Greiner B io-one) were coated with 50 |a,l/well o f  purified rat anti-m ouse IL-5, IL-4 and 

IFN-y (1 |J.g/ml) or lL -10  (2 |u,g/ml) and incubated overnight at 4°C . The plates were 

washed 4 tim es with wash buffer (PBS/0.05%  T w een 20) and incubated with 200  |il/w ell 

o f  blocking solution (PBS/10%  milk powder (w /v) for IL-4, IL-5, IFN-y) or PBS/1%  

bovine serum albumin (B S A )/ 5% sucrose for IL-10) for 2 hours to prevent non-specific  

binding. Plates w ere washed and incubated overnight at 4°C with 50 |j,l/well o f  

supernatant or serially diluted recombinant cytokine standard (Table 2 .5). Plates were 

washed and incubated for 2 hours at room temperature with 50 |j,l/weil o f  biotinylated anti

m ouse IL-4, IL-5 or IFN-y (1 |ig /m l) or biotinylated goat anti-m ouse IL-10 antibody (400  

ng/m l). Cytokines were detected by incubating plates for 40 m inutes at room temperature 

with 50 |il/w ell o f  horse radish peroxidiase (HRP) conjugated-StrepAvidin (PharM ingen  

1:1000 in PBS for IL-4, IL-5 and IFN-y or R& D 1:200 in PBS/1%  B SA  for IL-10). Plates 

were washed and o-phenylendiam ine (O PD) substrate tablets (Sigm a) were d issolved in 

phosphate citrate buffer as instructed by the manufacturers. Colouration w as allow ed to 

develop over 10-30 m inutes and w as stopped using 25 |al/well o f  1 M H2SO4. Absorbance 

w as read at 492 nm using a microtitrc plate reader (M olecular D evices, V E R SA m ax  

tunable microplate reader). C ytokine concentrations in supernatants w ere determined with  

reference to a standard curve prepared from the recombinant cytokines o f  known  

concentration.

2.3.17 Determ ination o f T cell proliferation

Spleen (2 x 10  ̂ cells/m l) or lymph node (1 x  10^ cells/m l) ce lls  were stimulated  

with antigen, m itogens (positive control) or medium alone (negative control). After 3 days 

the supernatant was removed for cytokine/chem okine analysis. The ce lls  were cultured for 

a further 24 hours in fresh RPMI and were then pulsed with 0.5 |j,Ci o f  [^H]-thymidine 

(Am ersham  Pharmacia B iotech) per w ell (1:50 dilution [^H]-thymidine in RPMI). After 

the final 4 -6  hours o f  culture, the pulsed cells w ere either placed at -80°C  or were 

harvested onto glass fiber filter paper (W allac) using an automatic cell harvester. The 

filters were dried and heat-sealed in plastic sam ple bags with 5 m l o f  non- aqueous 

scintillation fluid (BetaScint, W allac). [^H]-thymidine incorporation w as measured using a 

Beta-plate scintillation counter (W allac). Results are expressed as mean counts per minute 

(CPM ) o f  [^H]-thymidine incorporation for triplicate w ells  o f  spleen or lymph node cells.
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2.3.18 Determ ination o f serum IgG and IgG subclass titres

Serum sam ples from immunised mice were prepared from peripheral blood 

rem oved from the thoracic cavity after sacrifice. Blood was allowed to clot for 2 hours at 

room  tem perature and then placed at 4°C for 2-4 hours. Blood was centrifuged at 10,000 

rpm for 5 m ins and the serum was collected and transferred to fresh tubes before storing at 

-20°C. The levels o f antigen specific IgG antibodies in sera were determ ined by ELISA. 

PfCS, gpl20SF162, Ag85B/ESA T6 (1 |J.g/ml) in carbonate buffer, or KLH (5 |J.g/ml) or B. 

pertussis  sonicate (5|j,g/ml) in PBS (50 |il/w ell), was added to flat bottom ed 96 well 

m icrotitre plates (G reiner B io-One) and incubated overnight at 4°C. Plates were washed 

with wash buffer and blocked with PBS supplem ented with 10% w/v dried m ilk pow der 

(200 |il/w ell) for 2 hours. Plates were washed and sera were serially diluted in PBS on the 

plates to determ ine the endpoint titres. After overnight incubation, the plates were washed 

and incubated with 50 ^1/well o f  biotin-conjugated anti-m ouse IgG m onoclonal antibody 

(Sigm a) diluted 1:1000 in PBS, biotin-conjugated IgG2a (PharM ingen) or biotin- 

conjugated IgG l (Pharm ingen) diluted 1:10,000 in PBS. Plates were washed and 

incubated for 40 minutes at room tem perature with 50 |j,l/well o f  H R P-conjugated 

streptavidin diluted 1:1000 in PBS. Plates were washed and colouration was developed 

with 50 |j.l/well OPD in phosphate citrate buffer. The enzym atic reaction was stopped with 

50 |j,l/well 1 M H2 SO4 and absorbance measured at 492 nm. Results are expressed as logio 

endpoint antibody titres determ ined by extrapolation o f the straight part o f  the dilution 

curve to the OD 4 9 2nm value o f  the control serum for naive mice.

2.3.19 Determ ination o f lung IgA titres

Lung were removed from the thoracic cavity after sacrifice and hom ogenised in 1 

ml PBS 1% Caesin for m ice challenged with B. pertussis  or in 1 ml PBS containing a 

protease inhibitor cocktail (10 )o.g/ml), for nasally im munised mice. The levels o f  antigen- 

specific IgA antibodies in the lung o f naive, im munised or infected mice was determ ined 

by ELISA. PfCS, gpl20SF162 or A g85B/ESA T6 (1 |j.g/ml in carbonate buffer) or B. 

pertussis  sonicate (5 )o.g/ml in PBS) was added to 96 well m icrotitre plates and incubated 

overnight at 4°C. Excess antigen was w ashed with wash buffer and non-specific binding 

sites were blocked by incubating the plates with PBS supplem ented with 10% w /v dried 

m ilk for 2 hours. Lung hom ogenates, containing protease inhibitors, were serially diluted 

in PBS on the washed plates to determ ine the endpoint titres using an initial dilution o f  

1:10. The plates were incubated overnight at 4°C. A fter w ashing plates were incubated
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for 1 hour at room temperature with 50 )a,l/well o f biotinylated anti-mouse IgA monoclonal 

antibody (1:2500 in PBS). Plates were then washed and incubated for 40 mins at room 

temperature with 50 ^1/well o f HRP-conjugated streptavidin at a dilution o f 1:1000 in PBS. 

The plates were then washed and OPD in phosphate citrate buffer added. The enzymatic 

reaction was stopped by the addition o f 25 (a,l/well 1 M H2SO4. Absorbance values were 

measured at 492 nm. Results are expressed as endpoint antibody titres determined by 

extrapolation to the OD492nm value o f the control naive lung homogenate.

2.3.20 Detection of intracellular cytokines by FACS analysis

IFN-y and IL-10 production from lymph node cells of immunised mice was 

detected by intracellular staining with specific antibodies and flow cytometry analysis 

using a FACS Caliber™ (Becton-Dickinson, San Jose, CA). Single cell suspensions from 

lymph nodes o f immunised mice were stimulated ex vivo with antigen for 24 hours. Cells 

were then stimulated with PMA (1 |o.g/ml) and lonomycin (1 |J.g/ml) for 2 hours before the 

addition o f Brefeldin A (10 (ig/ml) for a further 4 hours at 37°C. Brefeldin A is a fungal 

metabolite, which disrupts the structure and function of the Golgi apparatus and prevents 

the secretion o f cytokines from cells. Cells were centrifuged at 1200 rpm for 5 mins and 

supernatant removed. Non-specific binding was prevented by incubating the cells with 

50% FCS/50% FACS buffer v/v for 15 mins on ice. Cells were washed with FACS buffer, 

resuspended in 100 |j,l of a 1:50 dilution of anti-CD4 antibody in FACS buffer and 

incubated for 45 mins. Cells were then washed and fixed with 50 fil o f  fixation medium 

(Fix and Perm Cell permeabilisation Kit, Caltag Laboratories) for 15 mins. After washing, 

cells were stained with 50 fil o f a 1:10 dilution o f anti-mouse IFN-y-FlTC or IL-IO-PE in 

permeabilisation medium and incubated at room temperature for 15 mins. Cells were 

washed, resuspended in 500 fj.1 FACS buffer and immunofluorescence analysis was 

performed on a FACS Caliber. Results were analysed using CELLQuest^”̂  software. 1 x 

10“* cells were analysed per sample.

2.3.21 Preparation of APC

Whole spleens from naive mice were placed in a sterile 15 ml tube containing cold 

complete RPMI-1640. The tube was inserted into the irradiation chamber o f a Nordian 

Gammacell 3000 Elan irradiator and irradiated at a dose o f 30 Gy over 2 mins. This dose 

prevents subsequent cell proliferation. The irradiated spleens were homogenised in fresh
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com plete RPM I-1640. The cell suspension was then washed and cell viability assessed by 

Trypan blue staining.

2.3.22 Generation o f KLH-specific T cell lines

T cell lines were generated from the spleen and lymph node cells o f  im munised 

mice. BALB/c mice were immunised with KLH (5 |j,g/mouse) in the presence or absence 

o f  CyaA (1 |ig/m ouse), CpG-OD N (25 |J.g/ml) or CT (100 ng/m ouse) via the footpad. 

A fter 7 days, spleen and lymph node cells were isolated from im m unised m ice and 

cultured at 2 x 10^ cells/m l with KLH (5 [ig/ml). Recom binant IL-2 (5 lU /m l) was added 5 

days later. A fter a further 7 days T cells were cultured with antigen and APC (irradiated 

spleen cells at 2 x 10^/ml). Cells were m aintained by the addition o f  IL-2 and APC and 

antigen every 5-12 days. Supernatant was removed 5 days following stim ulation with 

antigen and APC and were analysed for the presence o f  lL-4, lL-5, IL-10 and IFN-y.

2.3.23 Statistical analysis

Statistical analysis was perform ed using the com puter based m athem atical package 

InStat. Statistical differences in mean antibody or cytokine concentrations and bacterial 

load were determ ined by A nalysis o f  Variance (ANOVA).
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Table 2,1 Antigens

Antigen Stock

Concentration

Supplier

PfCS 2 mg/ml in PBS G. Corradin,

Dept. o f  B iochem istry, 

University o f  Lausanne, 1066 

Epalinges, Switzerland

gpl20SF162 0.7 mg/ml in PBS G. Del Guidice, 

Chiron Corp., Siena, 

Italy.

A g85B/ESA T6 1 mg/ml in PBS Peter Anderson, 

Serum State Institute, 

Copenhagen, 

Denmark.

Hem ocyanin, Keyhole Limpet, 

M egathura crenulata.

High purity, depyrogenated.

Cat. No. 374808

25 mg/'ml in 

BES/Mg^^ Buffer

Calbiochem ,

10394 Pacific Centre Court, 

San Diago, CA 92121., 

USA.

Table 2,2 Vaccines

V accine Ref. No. Supplier

W hole cell pertussis vaccine 66/303 NIBSC

A cellular pertussis vaccine JNIH-3 NIBSC
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T a b le  2 .3  A d ju v a n ts / I m m u n o m o d u la to r y  m o le c u le s

A d ju v a n t /

I m m u n o m o d u la to r y  m o le c u le

Supplier

LTK63 Chiron Corporation, Siena, Italy

CTAl-D D Nils Lycke, Goteborg, Sweden

Chitosan Protosan UPCL213, Batch No. 607-783-02 

Pronova Biomedical, Norway.

ASlOl Prof. Benjamin Sredni, Cancer, AIDS and 

immunological research (CAIR) Institute, 

Department o f Life Sciences, Bar Ilan University, 

Ramat Gan 52900, Israel.

CT Sigma

CpG-ODN

TCCATGACGTTCCTGATGCT

Sigma-Genosys

LPS Alexis

Pam3CSK4 In VivoGen

Flagellin In VivoGen

PolyU In VivoGen

Zymosan In VivoGen

PolyliC Sigma

Alum Alhydrogel 2% Superfos Biosector, Denmark

Complete Freund’s Adjuvant MDbiosciences, Zurich, Switzerland

CyaA Purified in lab by Padraig Ross

FHA HPA, Salisbury, UK

PT (detoxified) 129G Chiron
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Table 2.4 ELISA Antibodies

A ntibody Specificity C lo n e P u r i f i e d /C o n ju g a te d S u p p l ie r

Mouse IL -ip - Purified R&D Systems

Mouse IL-1(3 - Biotin conjugate R&D Systems

Mouse IL-4 11-B-ll Purified

Mouse IL-4 BVD6-24G2 Biotin conjugate PharMingen

Mouse IL-5 TRFK5 Purified PharM ingen

Mouse IL-5 TRFK4 Biotin conjugate PharMingen

Mouse IL-6 MP5-20F3 Purified PharMingen

Mouse IL-6 MP5-32C11 Biotin conjugate PharMingen

Mouse IL-10 - Purified R&D Systems

Mouse IL-10 - Biotin conjugate R&D Systems

Mouse IL-12p40 C17.8 Purified PharMingen

Mouse IL-12p40 C17.8 Biotin conjugate PharMingen

Mouse IL-12p70 - Purified R&D Systems

Mouse 1L-I2p70 - Biotin conjugate R&D Systems

Mouse TN F-a - Purified R&D Systems

Mouse TN F-a - Biotin conjugate R&D Systems

Mouse Total IgG - Biotin conjugate Sigma

Mouse IgGl A85-1 Biotin conjugate PharMingen

Mouse IgG2a R Il-8 9 Biotin conjugate PharMingen

Mouse IgA Biotin conjugate PharMingen

Human IFN-y Purified PharMingen

Human IFN-y Biotin conjugate PharMingen

Human IL-10 Purified PharMingen

Human IL-10 Biotin conjugate PharMingen
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Table 2.5 Cytokine Standards

Cytokine Source

Murine IFN-y -y PharMingen

Murine IL - ip R&D Systems

Murine IL-4 PharMingen

Murine IL-5 PiiarM ingen

Murine IL-6 PharMingen

Murine IL-10 R&D Systems

Murine IL-12p40 PharMingen

Murine 1L-I2p70 R&D Systems

Murine T N F -a R&D Systems

Table 2.6 FACS Antibodies

Surface Marker Fluorochrome Isotype Control Supplier

C D l l c Tri Hamster IgG Caltag

I-A/I-E (MHC II) PE Rat IgG2a BD PharMingen

CD40 FITC Hamster IgM BD PharMingen

CD80 PE Hamster IgG2a BD PharMingen

CD86 FITC Rat Ig 0 2 a BD PharMingen

CCR5 PE Mouse IgG2a BD PharMingen

ICAM-1 FITC Hamster IgG 1 BD PharMingen
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Table 2,7 Western Blotting Antibodies

Primary Antibody Secondary Antibody

p-ERK (phospho-specific) E-4 

(1:750 dilution)

Santa Cruz Biotechnologies, USA.

HRP-conjugated goat anti-m ouse IgG 

(1:1500 dilution)

Sigma

ERK (Total) K-23 

(1 :2000 dilution)

Santa Cruz B iotechnologies, USA.

HRP-conjugated goat anti-rabbit IgG 

(1:4000 dilution)

Sigma

p38 (phospho-specific) (T h rl8 0 /T y rl8 2 ) 

(1:200 dilution)

Cell Signalling Technology, MA, USA.

HRP-conjugated goat anti-rabbit IgG 

(1 :5000 dilution)

Sigma

p3 8 (Total) 1-15 

(1 :2000 dilution)

Santa Cruz Biotechnologies, USA.

HRP-conjugated goat anti-rabbit IgG 

(1 :5000 dilution)

Sigma

69



Chapter 3

The adjuvanticity of modified toxins and chitosan as a 

delivery system for intranasally delivered HIV, TB and

malaria antigens



3.1 Introduction

Vaccines against many diseases, such as poHomyelitis and smallpox, have been 

very successful due to their ability to induce strong neutralising antibody responses 

following immunisation. However, efficient vaccines are still lacking against TB, parasitic 

diseases, such as malaria and viruses, like HIV, which together are responsible for millions 

o f deaths each year. Although neutralising antibodies are induced by many vaccines, 

efficient control of these diseases requires T cell-mediated effector mechanisms, in 

addition to protective antibodies. Cell-mediated immunity against TB, HIV or malaria 

maybe dependent on activated effector T cells to control re-emergence, spread and 

expansion o f the persistent infection. This chapter assesses the immunogenicity o f 3 

peptide/protein vaccines based on antigens of TB (Ag85b-ESAT6), malaria (PfCS) or HIV 

(gpl20PF162) formulated with mucosal adjuvants and delivered by the nasal route.

Mucosal immunisation has advantages over parenteral immunisation in that it can 

induce mucosal as well as systemic immune responses. The vast majority o f infections, 

such as HIV or M. tuberculosis occur at mucosal surfaces and as a result, the induction of 

mucosal immunity would be advantageous in providing protection against these and many 

other diseases. Mucosal vaccines also have practical and logistic advantages over existing 

injectable vaccines in that they are easier to administer. Mucosally delivered vaccines also 

carry less risk of transmitting infections associated with the re-use o f needles and are less 

painful to administer. Mucosal administration could also lead to simplified manufacturing 

o f vaccines and thereby increase the potential for local production in developing countries. 

However, many viruses and non-invasive bacteria still represent a great challenge in the 

development o f vaccines targeted to induce immune responses that can prevent infectious 

agents from attaching and colonising the mucosal epithelium. Current efforts to overcome 

obstacles in the development of effective mucosal vaccines are therefore focusing on 

efficient means o f delivering antigens to the mucosal immune system using safe mucosal 

adjuvants.

The most potent mucosal adjuvants currently available are the bacterial toxins from 

Vibrio cholerae cholera toxin (CT) and Escherichia coli heat-labile enterotoxin (LT). 

However, since these active toxins are unsuitable for use in humans, they have been 

genetically manipulated to reduce or eliminate toxicity (Dickinson and Clements 1995; 

Douce, Turcotte et al. 1995; Douce, Fontana et al. 1997). This study, has employed a 

modified CT, CTAl-DD, that combines the enzymatically active CTAl-subunit with two 

B cell targeting moieties, DD, derived from Staphylococcus aureus protein A (Lycke 

2004). LTK63 is an LT mutant which is devoid o f toxic activity but retains mucosal
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adjuvanticity has a Ser63 Lys mutation in the A subunit. Both o f these modified toxins 

have been found to be efficient mucosal adjuvants (Baudner, Giuliani et al. 2003; Eriksson, 

Schon et al. 2004; Lycke 2004). Chitosan is a well-characterised mucosal delivery vehicle 

that also exhibits immunomodulatory properties. It is bioadhesive and able to interact with 

nasal epithelial cells and the overlaying mucous layer (Ilium 2003) and is capable of 

opening tight junctions, allowing paracellular transport across the epithelium. Chitosan 

has also been reported to have immune stimulating activity, including the induction of 

cytokine production from macrophages and enhancing cytotoxic T-lymphocyte responses 

(Seferian and Martinez 2000). It has been demonstrated that chitosan is effective at 

enhancing local and systemic responses to a diptheria vaccine delivered by the nasal route 

(McNeela, O'Connor et al. 2000) and therefore has been used here with LTK63 and C T A l- 

DD in an attempt to enhance immune responses to the malaria, HIV and TB antigens.

To date, vaccines based on the circumsporozoite protein (CSP) o f P. falciparum  

(Pf) have provided limited protection against malaria (Dunachie and Hill 2003). However, 

some reports have suggested that increased protection can be achieved by combining 

peptides against several defined epitopes in one vaccine (Kublin, Lowitt et al. 2002). In 

this study, a synthetic peptide representing the P. falciparum  circumsporozoite (PfCS) C- 

terminal region (amino acids 282-383) was assessed for its immunogenicity following 

nasal delivery (Roggero, Weilenmann et al. 1999; Lopez, Weilenman et al. 2001). The 

peptide has previously been shown to provide strong, protective immune responses when 

administered subcutaneously in biodegradable microspheres (Peyre, Audran et al. 2004). 

Here PfCS was used with CTA l-D D  and LTK63 as mucosal adjuvants with and without 

chitosan, to determine if PfCS has potential in a mucosal delivery formulation capable of 

inducing immune responses against malaria.

The induction of HIV gpl20-specific antibodies, capable of neutralising the virus 

or blocking CD 4-gpl20 interactions has been one o f the main focuses in the development 

o f a HIV vaccine. Here, gpl20 was used as the antigen in a mucosal vaccine formulation. 

This envelope glycoprotein originated from the virus, HIVsfi62, however, it was modified 

by the elimination o f 30 amino acids from the central region o f the V2 loop. Viruses 

presenting this modified glycoprotein, termed gpl20SF162AV2, are highly susceptible to 

neutralisation by antibodies present in the sera o f HIV-infected patients (Ly and Stamatatos 

2000). Like PfCS above, this modified protein gpl20SFI62, was administered with 

LTK63 or CTA l-D D  with or with out chitosan to assess its immunogenicity and therefore 

its potential as a mucosal vaccine against HIV.
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The induction o f cellular immune response is a critical aspect in the design of 

vaccines against M. tuberculosis. Vaccination with mycobacterium bovis Bacillus 

Calmette-Guerin (BCG) has been used for more than 75 years, but its efficacy varies 

tremendously in different populations (Fine 1995). This, along with the emergence of 

m ultidrug-resistant TB, underlines the need for a new and more efficient vaccine. The 6 

kDa early secreted antigen target, ESAT6, is a virulence factor secreted by M  tuberculosis 

and has been found to induce cell-mediated immune responses and IFN-y production from 

both CD4^ and CD8^ T cells during tuberculosis infection (Brandt, Elhay et al. 2000; 

Cardoso, Antas et al. 2002). Parenteral immunization with ESAT6 protects mice against 

challenge with M  tuberculosis. The protective efficacy was improved when ESAT6 was 

recombinantly fused with M. tuberculosis antigen 85B (Ag85B) (Mustafa Abu and Al- 

Attiyah 2003), which is one o f the major secretory proteins o f actively replicating M. 

tuberculosis (Belisle, Vissa et al. 1997) and has been shown to be a strong inducer o f Thl 

type responses (Takatsu and Kariyone 2003). Due to the strong performance o f these two 

proteins in generating cell-mediated immune responses to M  tuberculosis, a fusion protein 

combining AgS5b and ESAT6 was constructed by inserting the gene encoding both 

proteins into a cloning vector (Shi, Fan et al. 2004). A DNA vaccine expressing 

ESAT6/AgS5b fusion protein, protected mice against primary infection with M. 

tuberculosis (Derrick, Yang et al. 2004). In this chapter the AgS5B/ESAT6 fusion protein 

was assessed for its immunogenicity following mucosal immunisation with LTK63 or 

C TA l-D D  in the presence or absence of chitosan.

The three proteins PfCS, gpl20SF162 and Ag85B/ESAT6 have already proven 

effective at inducing immune responses when delivered parenterally. The aim of this 

chapter was to assess the immunogenicity o f these proteins when administered mucosally. 

The proteins were combined with the potent mucosal adjuvants LTK63 or CTAl-DD, with 

or without chitosan as delivery vehicle, and spleen and cervical lymph node cells were 

assessed for antigen-specific T cell responses following nasal immunisation. Antibody 

titres were also determined in the serum and lungs o f immunised mice. In addition to 

identifying potential candidate mucosal vaccines against TB, HIV or malaria, this study 

also allowed for the comparison o f the mucosal adjuvant properties o f LT and CT 

derivatives with the distinct antigens and how the immune response generated could be 

enhanced by adding the mucosal delivery system, chitosan.
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3.2 Results

3.2.1 Nasal immunisation with Plasmodium falciparum  peptide PfCS and 

LTK63 with chitosan enhances T cell proliferative responses and IFN-y 

production.

Optimal protection against P. falciparum, the causative agent o f human malaria, 

may require induction o f high levels of protective antibody, CD8^ and CD4^ T cell 

responses (Dunachie and Hill 2003). PfCS has previously been shown to generate anti

malaria immune responses when delivered parenterally (Epstein, Charoenvit et al. 2004). 

In this study, the immunogenicity o f PfCS was evaluated following nasal immunisation in 

mice. Cytokine and antigen-specific T cell proliferative responses from spleen and node 

cells were evaluated ten days after three immunisations with PfCS in the presence of 

LTK63 or CTA l-D D  with or without chitosan. Chitosan significantly enhanced PfCS- 

specific splenic T cell proliferation in mice immunised with PfCS in the presence of 

LTK63 and also induced modest increases in proliferation in mice immunised with PfCS 

and CTA l-D D  (figure 3.1A). However, no enhancement in PfCS-specific proliferation 

was observed in lymph node cells (figure 3 .IB).

Analysis o f cytokine production from spleen cells stimulated ex vivo with 

increasing concentration o f PfCS demonstrated that Thl type responses are generated 

following immunisation with LTK63 and chitosan, characterised by the production of 

IFN-y but little antigen-specific IL-4, IL-5 or IL-10 (figure 3.2A). In addition, spleen cells 

from mice immunised with PfCS and LTK63 with chitosan, produced less IL-5 and IL-IO 

than spleen cells from mice immunised with PfCS and LTK63 alone. PfCS and CTAI-DD 

immunisation resulted in spleen cells that produce IL-5 and IL-IO, which in the presence of 

chitosan, results in a further significant enhancement o f IL-10. In contrast, LTK63 and 

chitosan did not enhance IFN-y production by cervical node cells from immunised mice. 

However, a significant enhancement in IL-IO production from node cells was found 

following immunisation with PfCS and CTAI-DD immunisation compared to 

immunisation with PfCS alone (figure 3.2B).

3.2.2 Anti-PfCS antibody production is enhanced by a combination of CTAl- 

DD and chitosan following intranasal immunisation

The circumsporozoite surface protein, PfCS, is the primary target o f human 

antibodies against P. falciparum  sporozoites. Therefore serum and lung homogenates from

74



nasally im munised m ice were analysed for PfCS-specific IgG and IgA respectively. 

Evaluation o f  serum antibody litres dem onstrated that nasal im m unisation w ith PfCS and 

C T A l-D D  together with chitosan induced higher PfCS-specific IgG titres than 

im m unisation with PfCS and C T A l-D D  or with PfCS alone. However, elevated IgG 

production was not observed following im m unisation w ith PfCS, LTK63 and chitosan 

(figure 3.3A). PfCS-specific IgA titres were not enhanced with either adjuvant in the 

presence or absence o f chitosan (figure 3.3B).

3.2.3 Intranasal immunisation with gpl20SF162 induces splenic proliferative 

and mixed T h l/T h 2  responses.

Since the induction o f  both cellular and hum oral im m unity is considered necessary 

for protection against HIV, cytokine and antibody responses were assessed following nasal 

im m unisation with gpl20SF162 in the presence o f LTK63 or C T A l-D D  with or w ithout 

chitosan. Spleen and cervical lymph node cells from im munised m ice were stim ulated in 

the presence o f  increasing doses o f  gp l20SF 162 ten days after the last im munisation and 

the resulting supernatants were analysed for the presence o f  IL-4, IL-5, IL-10 and IFN-y.

Im m unisation with gpl20SF162 in the absence o f either LTK63 or C T A l-D D  with 

or w ithout chitosan induced splenic T cell proliferative responses (figure 3.4A). The 

proliferative responses o f  cervical lymph node cells were at or close to background levels 

in all im munised mice (figure 3.4B). A nalysis o f  cytokine production from spleen cells 

dem onstrates that im m unisation with gp l20SF 162 induced IFN-y, IL-10 and IL-5 but not 

IL-4 production (figure 3.5A). Significantly enhanced IL-4 production was found when 

the antigen was given in the presence o f  C T A l-D D , but this was reduced when 

g p l2 0 S F I6 2  and C T A l-D D  was adm inistered with chitosan. Cervical lymph node cells 

from m ice im munised with gp l20SF 162 alone dem onstrated m arginal increases in IFN-y 

production over levels achieved from m ice im munised with PBS. IL-5 and IL-4 

production was not detected above levels produced from cells stimulated with medium 

alone. However, antigen-specific IL-10 production was detected in lymph node cells from 

mice im munised with gp l20SF 162 and C T A l-D D  or chitosan, which was significantly 

enhanced using gp l20SF 162 and the com bination o f  C T A l-D D  and chitosan (figure 3.5B).
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3.2.4 gpl20SF162 specific T cell lines generated from immunisation with 

LTK63 and chitosan, display enhanced T hl cytokine responses.

To confirm the induction o f  a mixed Thl/Th2-type response following intranasal 

immunization with gpl20SF162, T cell lines were established from mice immunized 

intranasally with gpl20SF162 alone or with LTK63 or C T A l-D D  with or without 

chitosan. Analysis o f  cytokine production by the gpl20SF162-specific T cell line from 

mice immunised with g p l2 0  alone secreted lL-5, but low levels o f  IFN-y and lL-10, 

indicating the induction o f  Th2-type response (Fig. 3.6A). Cytokine production from T 

cell lines display predominant Th2-type responses generated from mice immunised with 

gp l20SF162  and C T A l-D D  with or without chitosan (figure 3.6A). Interestingly, 

immunisation with gpl20SF162 together with LTK63 and chitosan induced a T cell 

population that was o f  a predominantly Thl phenotype, with the T cell line producing 

significantly higher IFN-y concentrations compared with mice immunised with 

gp l20SF162  alone. Although cells stimulated with APC and gpl20SF162 produced lL-5, 

T cell lines generated from mice immunised with LTK63 and chitosan produced high 

concentrations o f  IFN-y production. This confirms that the inclusion o f  chitosan in a 

formulation with LTK63 is capable o f  enhancing T hl responses.

T cell lines were also generated from cervical node cells following stimulation by 

APC and gpl20SF162, however, only weak cytokine responses were generated. Lymph 

node cells from mice immunised with gpl20SF162 and C T A l-D D  produced low levels o f  

lL-5 only but mice immunised with gpl20SF162, C T A l-D D  and chitosan, produced low 

levels o f  IFN-y and no IL-5 (figure 3.6B).

3.2.5 CTAl-DD and chitosan induces gpl20SF162-specific antibody responses.

Having demonstrated that immunisation with gpl20SF162 induces antigen-specific 

T cell responses, antibody titres were then determined from the serum and lung 

homogenate o f  immunised mice. Two out o f  5 mice, immunised nasally with gpl20SF162 

and LTK63, responded by producing high IgG titres. However, antibody responses were 

not detected when mice were immunised with gpI20SF162 and LTK63 in the presence of 

chitosan. In contrast, mice immunised with gp l20SF162 and C T A l-D D  induced more 

modest IgG titres, which were enhanced in the presence o f  chitosan (figure 3.7A). 

Analysis o f  antigen-specific IgA titres in the lungs o f  immunised mice demonstrated that 

anti-gpl20SF162 IgA was produced only in response to immunisation with gpl20SF162 

together with C T A l-D D  and chitosan (figure 3.7B).
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3.2.6 Intranasal im m unisation in m ice with A g85B/ESA T6 together with 

LTK63 and chitosan induces antigen specific T  cell proliferative and Thl-type 

responses.

Ag85B/ESAT6 was administered nasally alone or with LTK63 or CTA l-D D  with 

or without chitosan. Ag85B/ESAT6 was also given in a liposome preparation as this has 

been shown previously to confer protection against M. tuberculosis when delivered 

parenterally (Olsen, Williams et al. 2004). T cell proliferative and cytokine responses were 

evaluated ten days after the final immunisation, using spleen and cervical node cells 

stimulated ex vivo with Ag85B/ESAT6. Immunisation with Ag85B/ESAT6 and LTK63 in 

the presence of chitosan resulted in the induction o f antigen-specific T cell proliferative 

responses and significant concentrations o f IFN-y from antigen-stimulated spleen cells 

(figures 3.8A and 3.9A respectively). IL-5 and IL-10 production were not detected, but 

low concentrations o f antigen-specific IL-4 were detected in spleen and lymph node from 

immunised and control mice (figure 3.9A). The response in cervical node cells stimulated 

with Ag85B/ESAT6 were very weak, however, IFN-y production was enhanced marginally 

in cells from mice immunised with antigen and LTK63 with chitosan. IL-10 or IL-5 were 

not detected from cervical node cells, but IL-4 production was significantly enhanced 

following immunisation with Ag85B/ESAT6 encapsulated in liposomes (figure 3.9B).

3.2.7 T cell lines generated from m ice im m unised with A g85B/ESA T6, CTAl- 

D D  and chitosan exhibit predominant Th2 type responses.

Having demonstrated that LTK63 and chitosan can enhance antigen specific T hl- 

type responses with gpl20SF162, CD4^ T cell lines were established from mice 

immunised nasally with Ag85B/ESAT6 alone or with LTK63 or CTA l-D D  in the presence 

or absence o f chitosan. Spleen and lymph node cells from immunised mice were 

stimulated ex vivo with Ag85B/ESAT6 in the presence o f APC and supernatants were 

analysed for IL-4, IL-5, IL-10 and IFN-y production. T cell lines derived from spleen cells 

o f mice immunised with Ag85B/ESAT6 and CTA l-D D  with chitosan secreted IL-5, IL-10 

and IFN-y production following stimulation with APC and Ag85B/ESAT6. Interestingly, 

T cell lines from mice immunised with Ag85B/ESAT6 and LTK63 with chitosan secreted 

IL-10 only following stimulation with antigen and APC (figure 3.10A). T cell lines from 

cervical node cells did not result in the generation o f specific cytokine producing 

populations. Low levels o f IL-10 were detected following stimulation with APC and

77



Ag85B/ESAT6 however, these concentrations were not significantly greater than those 

observed in T cells lines from mice immunised with PBS (figure 3.1 OB).

3.2.8 Mice immunised nasally with Ag85B/ESAT6 induce weak systemic and 

mucosal antibody responses.

The induction o f cell-mediated immunity is considered an integral part o f the 

protective immune response against M  tuberculosis, however, antibody production may 

also be required for prevention o f infection. Serum and lung homogenates from 

intranasally immunised mice were analysed for the presence o f anti-AgS5B/ESAT6 IgG 

and IgA respectively by ELISA. Analysis o f anti-AgS5B/ESAT6 serum IgG titres 

revealed that very weak antibody responses were generated following immunisation with 

AgS5B/ESAT6 alone and this was not enhanced in the presence o f LTK63 or CTAl-D D 

with or without chitosan (figure 3.I1A). In addition, similarly low titres o f anti- 

AgS5B/ESAT6 IgA were observed in lung homogenates, however marginal increases in 

IgA production were observed in the lungs o f mice immunised with the antigen and C T A l- 

DD with chitosan (figure 3.1 IB). These results suggest that AgS5B/ESAT6 is not an 

effective inducer o f humoral immunity following mucosal immunisation, despite the use of 

potent mucosal adjuvants and chitosan.
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3.3 Discussion

Most, if not all, successful vaccines provide protection against infection by 

inducing neutralising antibody responses o f long duration. However, many vaccines do 

not work satisfactorily and do not induce long-term protection, for example, vaccines 

against TB, leprosy, some viral infections, such as HIV, and most classical parasitic 

infections. The efficient control of almost all o f these infections requires T cell mediated 

effector mechanisms in addition to protective antibodies induced systemically and/or at 

mucosal surfaces (Boyaka, Marinaro et al. 1999). With this in mind, three candidate 

proteins, the P. falciparum  circumsporozoite protein, PfCS, the HIV surface glycoprotein, 

gpl20SF162, and a fusion protein combining two virulence factors from TB, 

Ag85B/ESAT6, were tested for their ability to induce cellular and humoral immune 

responses when administered intranasally.

Mucosal routes of vaccination are increasingly favoured due to the ease o f use 

without the requirement for injections, and the fact that mucosal vaccines induce responses 

at the site where the majority o f infections occur, namely the respiratory, gastrointestinal 

and genital tracts (Boyaka, Marinaro et al. 1999; Zuercher 2003). However, despite the 

advantages, it has often proved difficult in practice to stimulate strong immune responses 

and protection with mucosal vaccines, the exceptions being the oral polio vaccine, live 

attenuated and whole cell B subunit cholera vaccines and live attenuated typhoid vaccines, 

as well as an oral BCG vaccine (Holmgren, Czerkinsky et al. 2003). Efforts to improve the 

immunogenicity o f mucosal vaccines has concentrated on finding effective means of 

delivering the antigen to the mucosal immune system and developing effective and safe 

adjuvants that can induce mucosal and systemic immune responses against the infectious 

agent.

CT and LT from V. cholerae and E. coli respectively, have been found to promote 

the induction of mucosal immune responses by enhancing antigen presentation, increasing 

IgA production, by promoting isotype differentiation and inducing stimulatory and 

inhibitory effects on T cell proliferation and cytokine production (Holmgren, Czerkinsky et 

al. 2003). However, these native toxins are too toxic to use as vaccine adjuvants, therefore 

recombinant molecules that are devoid o f toxicity yet retain the adjuvant properties of the 

original toxin have been developed. CT and LT both consist o f a homo-pentamer o f cell- 

binding B subunits associated with a single toxic active A subunit. The LT mutant, 

LTK63, is a modified toxin created by substituting a serine to a lysine at position 63 in the 

A subunit o f the toxin. Although this results in a molecule completely devoid o f toxicity, it 

retains some o f the adjuvanticity o f wild type LT and induces mixed Thl/Th2 type
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responses (Ryan, McNeela et al. 1999). CTA l-D D  is a protein consisting o f the ADP- 

ribosylating A l subunit o f CT linked to two synthetic analogue o f protein A from S. 

aureus, called D. The CTAl-D D protein was found to exert comparable adjuvant activity 

to that o f CT after systemic as well as mucosal immunizations with soluble protein 

antigens, such as KLH or ovalbumin, however, unlike CT it is completely non-toxic 

(Agren, Lowenadler et al. 1998).

Although considered a convenient method of immunisation, the permeability o f the 

nasal mucosa is normally low, especially for large molecular weight peptides and proteins, 

making intranasal immunisation generally inefficient. In addition, the mucociliary 

clearance system can rapidly clear nasally administered vaccine formulations reducing the 

bioavailability further. For this reason the positively charged linear polysaccharide, 

chitosan, has been found to be an effective mucosal delivery vehicle through its ability to 

interact strongly with nasal epithelial cells and the overlaying mucous layer, thereby 

providing longer contact time for drug/vaccine transport across the nasal membrane before 

clearance by the mucociliary clearance mechanism (Ilium 2003). Concomitantly, 

immunohistological studies have shown that chitosan can open tight junctions between the 

cells through its effect on F-actin filaments (Dodane, Amin Khan et al. 1999). An example 

o f the adjuvant action o f chitosan was demonstrated through its ability to enhance IgG and 

secretory IgA production following nasal delivery with FHA from B. pertussis (Ilium, 

Jabbal-Gill et al. 2001). Similarly enhanced responses were observed using a nasal 

diphtheria vaccine based on CRM 197, a formaldehyde-stabilised recombinant diphtheria 

toxoid. Interestingly, IgG and IgA responses in mice and humans, following nasal 

immunisation with CRM 197 and chitosan, were similar to those obtained with CRM 197 

injected parenterally (McNeela, O'Connor et al. 2000; McNeela, Jabbal-Gill et al. 2004). It 

would appear therefore, that a combination o f a mucosal adjuvant such as LTK63 or 

CTA l-D D  together with chitosan could induce stronger immune responses at both 

systemic and local levels. Indeed, this has been demonstrated by Baudner et al., where a 

nasal vaccine against the group C meningococcal conjugated vaccine with CRM 197 

(CRM-MenC) was administered with LTK63 and chitosan. Their results demonstrated that 

the combination o f chitosan and LTK63 significantly enhance the immunogenicity o f this 

vaccine given intranasally (Baudner, Giuliani et al. 2003). They also demonstrated that 

this combination o f LTK63 and chitosan as a delivery system allows a reduction in the 

dose o f each of the components for the induction o f antibody and bactericidal antibody 

responses to CRM-MenC conjugate vaccine when delivered intranasally yet still resulting
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in litres sim ilar to or higher than those induced by parenteral im m unization (Baudner, 

M orandi et al. 2004).

The peptides and proteins used in this study, or com ponents o f  them , have 

previously been dem onstrated to generate immune responses follow ing parenteral 

adm inistration. The recom binant m alaria protein PfCS, has been found to synergistically 

enhance the im m unogenicity o f  a diphtheria and tetanus vaccine whilst also inducing high 

anti-PfCS IgG titres when given by itself after one subcutaneous injection w ithout adjuvant 

(Peyre, A udran et al. 2004). An im munisation regime involving the sequential use o f a 

DNA vaccine encoding the PfCS protein followed by the PfCS protein itself, induced 

PfCS-specific antibodies and typel cytokine producing CD4^ and CD8^ cytotoxic T cells 

(W ang, Epstein et al. 2004). The present study has shown that PfCS and LTK63 

adm inistered intranasally with chitosan is capable o f inducing T h l type responses, 

characterised by the induction o f IFN-y secreting T cells. This is in contrast to C T A l-D D , 

w hich induced Th2 type responses following adm inistration w ith PfCS and chitosan, as 

shown by increased IL-5 and IL-10 as well as enhancing serum IgG titres. Responses to 

this protein suggest that, by itself, it is not im m unogenic and requires both the 

adjuvanticity o f a mucosal adjuvant such as LTK63, and the presence o f  a m uco-adhesive 

delivery m echanism  to induce antigen-specific immune response. However, even after 3 

im m unisations this response is still weak com pared to parenterally adm inistered vaccines, 

which suggests that higher doses o f  PfCS, or the use o f  alternative adjuvants, m ay be 

required to induce significant immune responses by the nasal route.

The surface glycoprotein from the HIV-1 envelope, g p l2 0 , is likely to be a critical 

com ponent o f an effective vaccine against HIV. However, g p l2 0  is known to be poorly 

im m unogenic and cross-reactive neutralising antibodies are difficult to induce. This is 

partly due to the fact that the variable loops o f the protein are glycosylated and these 

groups hinder neutralising antibody interaction. Furtherm ore, glycosylation at the am ino- 

and carboxy-term inal sites o f  the V2 loop offers protection against anti-V3 loop antibodies. 

This suggests that glycosylation o f  asparagine residues m ask epitopes and overlap other 

potential sites that could allow neutralising antibody binding (Ly and Stam atatos 2000). 

The m odified protein gpl20SF162A V 2 however, is devoid o f 30 am ino acids from the 

central hypervariable envelope region (V2 loop) and therefore renders the virus displaying 

this protein, susceptible to antibody neutralisation in HIV -infected individuals (Ly and 

Stam atatos 2000). In this study, this m onom eric m olecule was delivered intranasally by 

itself and in the presence o f  the mucosal adjuvants LTK63 or C T A l-D D  with or w ithout 

chitosan. The results suggest that although gp l20SF 162  does not induce significant
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antibody production by itself, it can induce T cell proliferative responses and generate T 

cells that secrete high concentrations o f  IFN-y. The induction o f IFN-y secreting cells 

follow ing im m unisation with gp l20SF162 alone was sim ilar to that elicited by the antigen 

with LTK63 or C T A l-D D , how ever the com bination o f LTK63 and chitosan did enhance 

the induction o f IFN-y producing splenic T cells over that achieved with gp l20SF162 

alone. Interestingly, anti-gpl20SF162 IgG and IgA responses were only induced 

following nasal im m unisation with gpl20SF162 form ulated with C T A l-D D  and chitosan, 

how ever litres were low and although not tested, were unlikely to have had neutralising 

activity.

A lthough m onom eric HIV envelope subunit vaccines have induced high-titre 

antibody responses and neutralizing antibodies against laboratory-adapted HIV-1 strains, 

they have failed to induce neutralizing antibodies against diverse heterologous prim ary 

HIV isolates (Srivastava, Stam atatos et al. 2003). M ost probably, the reason for this 

failure is that the antigenic structure o f gp l20SF 162 used does not m im ic that o f the 

functional HIV envelope, which is a trimer, and thus does not elicit high titers o f  relevant 

functional antibodies. In an intranasal priming and intram uscular boosting regim en, a 

trim eric gp l20SF 162 protein induced high titres o f  functional neutralising antibodies 

(Srivastava, Stam atatos et al. 2003). Further research may need to involve im munisation 

with several m odified proteins in one vaccine in order to confer protection against diverse 

HIV isolates. V accination with g p l2 0  itself provides little protection, whereas 

m odification o f  the protein, by changing the glycosylation sites or deleting am ino acids in 

the variable loops, m ay enhance responses to a level that can at least m aintain anti-HIV 

im m unity throughout the infection.

O f the three antigens analysed, the TB fusion protein- Ag85B/ESA T6 was the least 

im m unogenic, inducing w eak antibody and cytokine responses following intranasal 

immunisation. Despite form ulation with proven m ucosal adjuvants, LTK63 or C T A l-D D  

with or w ithout chitosan, intranasal im munisation with AgS5B/ESAT6 induced very low 

cytokine responses, in particular IFN-y. However, a slight increase in IFN-y production 

was observed when Ag85B/ESA T6 was adm inistered with LTK63 and chitosan, which is 

sim ilar to that observed with PfCS and gpl20SF162. Parenteral im m unisation with either 

AgS5B or ESAT6 has been shown to induce strong im mune responses. AgS5B is 

conserved across m ycobacterial species and is associated with the bacterial cell wall and 

also is released into the surrounding m edium , w hich elicits strong T h l responses in 

asym ptom atic individuals (M ustafa, Shaban et al. 2000; Russo, Kozlova et al. 2000). It 

has also been found to induce partial protection in m urine m odels o f  infection (Feng,
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Palendira et al. 2001; Takatsu and Kariyone 2003). ESAT6 is strongly recognised in TB 

patients and can be isolated from a highly stimulatory low-molecular mass fraction of 

short-term culture filtrates. Its ability to enhance IFN-y production in individuals infected 

with TB confirmed that ESAT6 could act as a marker of M. tuberculosis infection, 

however as an antigen for use in a vaccine, it proved to be poorly immunogenic and 

required a strong adjuvant (monophosphoryl lipid A) to elicit immune responses (Brandt, 

Elhay et al. 2000; Smith, Klein et al. 2000; Cardoso, Antas et al. 2002). A fusion o f these 

two proteins resulted in the expression of insoluble Ag85B/ESAT6 with a relative 

molecular mass o f 37,000 (Shi, Fan et al. 2004). DNA vaccine vectors encoding the 

AgS5B/ESAT6 fusion protein provided protection against primary infection and boosted 

BCG-induced protective immunity in a mouse model (Derrick, Yang et al. 2004). 

AgS5B/ESAT-6 administered in cationic lipid vesicles also conferred high levels of 

protection against M  tuberculosis in a guinea pig model o f infection, was manifested by 

delayed clinical illness and prolonged survival. However, neither Ag85B nor ESAT-6, 

independently or as a cocktail, induced significant protection in this model (Olsen, 

Williams et al. 2004).

PfCS, gpl20SF162 and Ag85B/ESAT6 show potential as vaccine candidates but 

the nasal route does not induce strong immune responses with the adjuvants employed and 

at the dose administered in the present study. Although proteins are capable of enhancing 

responses in infected individuals, they are not as successful in inducing protection in non

infected subjects. In the cases of PfCS and Ag85B/ESAT6, this suggests that conventional 

vaccination methods available at present are still the best approaches for inducing 

immunity, even though their success rate is highly variable. Although no efficient vaccine 

is currently available against HIV, the gpl20 glycoprotein appears to be the most 

promising candidate antigen as it contains epitopes recognised by neutralising antibodies, 

which can interfere with virus attachment to host cells. The results from prime/boost 

vaccination protocols using DNA vaccines and the encoded proteins have shown some 

promise (Donners, Vermoesen et al. 2003). Therefore, it may be possible that the proteins 

investigated in this chapter could act as part o f a booster vaccine in individuals vaccinated 

by the parenteral route. Nasal vaccination would be an efficient and practical method for 

boosting existing immune responses and also allows the induction of IgA.

Although nasal immunisation with LTK63 and chitosan has been shown here to 

induce weak antigen-specific Thl and proliferative responses at local and systemic levels, 

there are concerns about the use of bacterial toxins in nasal vaccine preparations, because 

CT has been shown to facilitate the uptake of vaccine proteins into olfactory bulb neurons
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(Ilium  2003). Reports have suggested that nasally delivered drugs, such as insulin-like 

growth factor (IGF-1), could bypass the blood-brain barrier and reach the central nervous 

system directly from the nasal cavity (Ilium 2003). Therefore, although highly effective, 

the use o f G M l-recep to r binding holotoxins as nasal m ucosal adjuvants has recently been 

cautioned due to the risk for their accum ulation in the brain and other nervous tissues. 

H owever it has been dem onstrated that C T A l-D D , which does not bind G M I, does not 

cause inflam m ation or accum ulate in the nervous tissues and hence m ay be considered a 

safer adjuvant com pared with other m odified toxins (Eriksson, Schon et al. 2004). 

Together with chitosan, whether as a solution, pow der or as nanoparticles, the com bination 

o f  C T A l-D D  and chitosan show prom ise for nasal delivery o f  vaccines against malaria, 

HIV and tuberculosis. In the future, nasal vaccines m ay contribute to providing protection 

against infection and allow for the possibility o f  w ider and safer use o f  vaccines in 

developing as well as industrialised worlds. This in turn, may help to eradicate many 

diseases that cause m illions o f deaths each year.
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Figure  3.1. LTK63 and  ch itosan  enhance  sp lenic T  cell proliferative responses 

induced  by in tranasal im m un isa tion  w ith  PfCS. BALB/c mice were immunised 

intranasaily at 0, 3 and 5 weeks with PfCS (10 |ig) in the presence or absence of either 

LTK63 (1 fig) or CTAl-DD (1 fig), with or without chitosan (50 fig) or with PBS only as 

control. Antigen specific proliferative responses were assessed by [^H]-thymidine 

incorporation in spleen cells (A) and cervical lymph node cells (B). Responses to medium 

or PMA and anti-CD3 represent negative and positive controls, respectively. Results are 

the mean (± S.E.) responses for 5 mice per group, tested individually in triplicate. * P 

<0.05 versus immunisation with PfCS alone. The results shown are representative of one 

experiment.
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F ig u re  3.2. In tra n a sa l im m u n isa tio n  w ith  LTK 63 a n d  c h ito sa n  e n h a n c e s  T h l  

resp o n se s  to  th e  P. fa lc iparum  p e p tid e  PfCS. Mice were immunised as described in 

figure 3.1. Immune responses were tested 10 days after the final immunisation. Spleen 

(A) and cervical lymph node (B) cells were stimulated in vitro with PfCS peptide (0.4-10 

|o.g/ml) or medium alone as control. After 3 days in culture, IFN-y, lL-10, IL-5 and IL-4 

concentrations were determined in supernatants by ELISA. Results are mean (± S.E.) 

responses from 5 mice per experimental group tested individually in triplicate. * P <0.05 

versus immunisation with PfCS alone. Due to limited supply o f PfCS, this experiment was 

performed once.
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F ig u re  3.3. In tra n a s a l  delivery  o f  PfCS fo rm u la ted  w ith  C T A l-D D  a n d  c h ito sa n  

e n h a n c e s  an ti-P fC S  a n tib o d y  titre s  in  se ru m . Mice were immunised as described in 

figure 3.1. Anti-PfCS IgG (A) and IgA (B) titres were determined by ELISA on serum and 

lung homogenate respectively, recovered 10 days after the third immunisation. Results are 

displayed as endpoint titres for individual mice; horizontal lines are mean values for 5 mice 

per experimental group. The results shown are representative of one experiment.
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Figure 3.4. Nasal im m un isa tion  w ith  gpl20SF162 in  the absence o f an adjuvant 

induces antigen specific splenic T  cell pro life ra tive responses. Mice were 

immunised intranasally at 0, 3 and 5 weeks with gpl20SF162 (5 |o,g) in the presence or 

absence o f either LTK63 (1 |ig) or C TA l-DD  (1 |o,g), with or without chitosan (50 jxg) or 

with PBS only as control. Antigen specific proliferative responses were assessed by [^H]- 

thymidine incorporation in spleen cells (A) and cervical lymph node cells (B). Responses 

to medium or PMA and anti-CD3 represent negative and positive controls, respectively. 

Results are the mean (± S.E.) responses for 5 mice per group, tested individually in 

triplicate. The results shown are representative o f one experiment.

90



F ig u re  3.5. Im m u n is a tio n  w ith  gpl20SF162 in d u ce s  m ix e d  T h l /T h 2  type 

cy to k in e  re sp o n se  in  sp leen . Mice were immunised as described in the legend to figure 

3.4. Immune responses were tested 10 days after the fmal immunisation. Spleen (A) and 

cervical lymph node (B) cells were stimulated in vitro with gpl20SF162 protein (0.4-10 

|j,g/ml) or medium alone as control. After 3 days in culture, IFN-y, lL-10, IL-5 and IL-4 

concentrations were measured in cell supernatants by ELISA. Results are mean (± S.E.) 

responses from 5 mice per experimental group tested individually in triplicate. ** P  <0.01 

and *** P  <0.001 versus immunisation with gpI20SF162 alone. Due to limited supply of 

gpl20SF162, this experiment was performed once.
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Figure 3.6. gpl20SF162 specific T  cell lines generated from  m ice im m unised 

intranasally w ith  gpl20SF162. Mice were immunised intranasally at 0, 3 and 5 weeks 

with gpl40 (5 |ig) in the presence or absence of either LTK63 (1 |o,g) or CTA l-DD  (1 |ag), 

with or without chitosan (50 |xg) or with PBS only as control. Spleen (A) and lymph node 

(B) cells, isolated 10 days after the last immunisation, were cultured in the presence o f 

gpl20SF162 (1 |J.g/ml) and after 4 days were given IL-2 (5 units/ml). 7 days later T cell 

lines were stimulated with irradiated splenic APC (2 x lOVml) and gpl20SF162 (1 |J.g/ml). 

Supernatants were analysed 4 days later for the presence o f IL-4, IL-5, IL-10 and IFN-y by 

two-site ELISA. ** *  P <0.001 versus immunisation with gpI20SF162 alone.
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Figure 3.7. Im m u n isa tio n  w ith  gpl20SF162 form ulated  w ith  C T A l-D D  and 

C hitosan  enhances anti-gpl20SF162 antibody titres in  serum  and  lung. Mice 

were immunised as described in the legend to figure 3.4. Anti-gpl20SF162 IgG (A) and 

IgA (B) titres were determined by ELISA on serum and lung homogenate respectively, 

recovered 10 days after the third immunisation. Results are displayed as endpoint titres for 

individual mice; horizontal lines are mean values for 5 mice per experimental group. *** 

P  <0.001 versus immunisation with gpl20SF162 alone. +++ P  <0.001 versus 

immunisation with gpl20SF162 and CTAl-DD. The results shown are representative of 

one experiment.
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Figure 3.8. Ag85B /ES AT6 form ulated w ith  LTK63 in  the presence or absence 

o f chitosan displays increased splenic T  cell p ro life ra tion. Mice were immunised 

intranasally at 0, 3 and 5 weeks with Ag85B/ESAT6 (15 |j,g) in the presence or absence o f 

either LTK63 (1 |j,g) or CTA l-DD  (1 fo,g), with or without chitosan (50 jag). PBS alone or 

Ag85B/ESAT6 formulated with liposomes were used as controls. Proliferative responses 

were assessed by [^H]-thymidine incorporation in spleen cells (A) and cervical lymph node 

cells (B). Responses to medium and PMA and anti-CD3 represent negative and positive 

controls, respectively. Results are the mean (± S.E.) responses for 5 mice per group, tested 

individually in triplicate. The results shown are representative o f one experiment.
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F ig u re  3.9. F o rm u la tio n  o f  A g 8 5 B /E S A T 6  w ith  LTK 63 a n d  c h ito sa n  e n h a n c e s  

IF N -y  p ro d u c tio n  fo llow ing  in tra n a sa l im m u n isa tio n . Mice were immunised as 

described in figure 3.8. Immune responses were tested 10 days after the final 

immunisation. Spleen (A) and cervical lymph node (B) cells were stimulated in vitro with 

Ag85B/ESAT6 protein (0.4-10 |ig/ml) or medium alone as control. After 3 days in culture, 

IFN-y, IL-10, IL-5 and IL-4 concentrations were measured by ELISA. Results are mean (± 

S.E.) responses from 5 mice per experimental group tested individually in triplicate. * P 

<0.05, ** P  <0.01 and *** P <0.001 versus immunisation with AgS5B/ESAT6 alone. Due 

to limited supply o f AgS5B/ESAT6, this experiment was performed once.
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Figure 3.10. Antigen-specific  T  cells lines generated from  m ice im m unised w ith  

Ag85B/ES AT6. Mice were immunised as described in figure 3.8. Pooled spleen cells 

from these mice were cultured in the presence o f Ag85B/ESAT6 (1 f^g/ml) and after 4 days 

IL-2 (5 units/ml) was added, 7 days later T cell lines were stimulated with irradiated 

splenic APC (2 x lOVml) in the presence o f AgS5B/ESAT6 (1 jag/ml). Supernatants were 

analysed 4 days later for the presence o f IL-4, IL-5, IL-10 and IFN-y by ELISA. Results 

are mean (± S.E.) responses for triplicate cultures o f T cell lines established from spleens 

o f 5 mice per T cell line.
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F ig u re  3.11. In tra n a sa l im m u n isa tio n  w ith  A g 8 5 B /E S A T 6  does n o t in d u ce  

s ig n if ic a n t Ig G  or IgA  p ro d u c tio n . Mice were immunised as described in the legend 

to figure 3.8. Anti-Ag85B/ESAT6 IgG (A) and IgA (B) titres were determined by ELISA 

on serum and lung homogenate respectively, recovered 10 days after the third 

immunisation. Results are displayed as endpoint titres for individual mice, horizontal lines 

are mean values for 5 mice per experimental group. The results shown are representative 

o f one experiment.
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Chapter 4

TLR ligands and other adjuvants induce regulatory as 

well as effector cytokines



4.1 Introduction.

One of the major differences between innate and adaptive immune systems is that 

the latter relies on somatic rearrangement of genes to give rise to highly specific antigen 

receptors, whereas the former does not require gene rearrangement but instead express a 

large repertoire of cell surface receptors that recognise conserved patterns that are unique 

to microbial surfaces. These are termed pattern recognition receptors, which include 

mannose, p-glucan and scavenger receptors as well as the non-phagocytic TLR family of 

receptors (Reiser, Mukhopadhyay et al. 2002; Herre, Gordon et al. 2004; Taylor, Brown et 

al. 2004). The discovery o f TLR has resulted in the identification o f specific ligands that 

act through these receptors to induce innate immune responses. The majority o f these 

ligands are bacterial and viral derived molecules, although some synthetic molecules can 

also bind to TLRs and induce the production of cytokines from innate cells (Beutler, 

Hoebe et al. 2003). In addition to TLR ligands, bacterial toxins, such as CT from V. 

cholerae and CyaA from B. pertussis, are other microbial derived immunomodulatory 

molecules that induce strong immune responses through different pattern recognition 

receptors on the surface o f APC (Lavelle, Jarnicki et al. 2004; Ross, Lavelle et al. 2004).

In chapters 3 and 5, modified bacterial toxins or TLR ligands (CpG or LPS) were 

used to enhance innate and adaptive immune responses to novel antigens or to modify the 

effects o f other immunomodulators on DC maturation and signalling processes. This 

chapter, focuses on the role of a range of TLR ligands, as well as other immunomodulatory 

molecules, in the generation o f innate and adaptive immune responses, and examines their 

effect on DC maturation, cytokine production and the signalling pathways involved. In 

addition, the induction o f distinct T h l, Th2 or Treg cells are investigated by analysing the 

cytokines produced by the induced T cells. To date studies on TLR ligands has 

demonstrated that these molecules can stimulate innate immune cells and consequently 

adaptive immune responses and therefore act as potential adjuvants in vaccine 

preparations.

CpG motifs present in bacterial DNA bind to TLR9 and stimulate DC to secrete 

pro- and anti-inflammatory cytokines, such as IL-12 and IL-10. IL-12 and IL-10 are 

known to promote the induction o f Thl-and Treg- type responses respectively (Chu, 

Askew et al. 2000; Heeg and Zimmermann 2000; McGuirk and Mills 2002). Similarly, 

LPS, which a major component of the outer wall of Gram-negative bacteria, is a potent 

inducer of Thl cells. LPS is known act through TLR4 and to stimulate the production of 

IL-12 and IL-10 from macrophages and DC (Backhed, Normark et al. 2003; Higgins, 

Lavelle et al. 2003). Flagellin, a principal component of bacterial flagella that confers
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motility on a wide range o f bacterial species, is a virulence factor recognized by the innate 

immune system. Flagellin from organisms as diverse as flies, plants and mammals is 

recognised by TLR5 and is capable o f activating NF-kB, leading to the induction of 

cytokine production from innate cells (Gewirtz, Navas et al. 2001; Hayashi, Smith et al. 

2001; Smith, Andersen-Nissen et al. 2003). Zymosan is an insoluble preparation o f yeast 

cells and has been shown to activate macrophages via TLR2. However, some studies 

suggest that zymosan acts through a TLR2/TLR6 heterodimer resulting in TN F-a 

production through the NF-kB pathway (Ozinsky, Underhill et al. 2000; Sato, Sano et al. 

2003; Underhill 2003). PolyU and Poly I;C are synthetic analogues o f single or double 

stranded RNA respectively. Murine DC deficient in TLR7 were unable to produce IFN-a 

in response to polyU, suggesting that TLR7 plays a critical role in the recognition o f viral 

single stranded RNA (Diebold, Kaisho et al. 2004). On the other hand, poly I:C is a 

molecular pattern for double stranded viral RNA that is recognised by TLR3 

(Alexopoulou, Holt et al. 2001). A further ligand that is recognised by TLR2 derives from 

a family o f lipoproteins that are cell wall components found in both Gram-positive and 

Gram-negative bacteria, which can be mimicked by the synthetic tripalmitoylated 

lipopeptide Pam3CysSerLys4 (Pam3CSK) (Redecke, Hacker et al. 2004; Spohn, Buwitt- 

Beckmann et al. 2004). PamSCSK has been shown to induce little lL-12 from DC and 

promote the induction o f Th2 responses via the induction of ERK and c-Fos (Dillon, 

Agrawal et al. 2004).

DC activation is not limited to TLR ligands. Bacterial toxins such as CT and LT, 

and their derivatives, were shown in chapter 3 to induce adaptive immune responses 

against foreign antigens. Here, CT which binds to the GM-1 ganglioside receptor 

expressed on most cells (Kawamura, Kawashima et al. 2003), is investigated for its ability 

to stimulate DC and to modulate the response induced by TLR ligands. In addition, CyaA, 

chitosan and alum, which is the most widely used adjuvant for clinical application, are also 

examined for their ability to activate DC and to modulate TLR ligand-induced innate and 

adaptive immune responses.

In order to examine the influence o f Treg cells on protection in an animal model of 

infection, an established respiratory challenge model, was used in conjunction with 

immunisation with a Pw or Pa vaccine against B. pertussis is a gram-negative bacterium 

that causes the respiratory disease known as whooping cough. The disease is particularly 

severe in infants and young children, where adverse effects can include convulsions, brain 

damage and even death (Mills 2001). Much of the evidence from mouse models suggests 

that the induction of a cell-mediated immunity is required for a high level o f protection, in
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particular the induction o f CD4^ Thl cells that secrete IFTM-y. Immunisation with the Pw 

vaccine selectively primes Thl cells whereas immunisation with Pa results in the 

generation of T cells that predominantly secrete Th2-type cytokines (Barnard, Mahon et al. 

1996).

A common property exhibited by many immunomodulatory molecules analysed, is 

their ability to induce IL-10. The cytokine IL-10 was originally considered as a cytokine 

secreted by Th2 cells whose functions included the inhibition o f Thl cytokine production 

(Moore, de Waal Malefyt et al. 2001). However the main role o f IL-10, which is mediated 

through the Jak/STAT pathway, is now thought to be in the regulation o f immune 

responses. One o f the main sources o f IL-10 are Treg cells, which have a potent 

suppressive influence on immune responses (Higgins, Lavelle et al. 2003). IL-10 can 

inhibit the production o f many pro-inflammatory cytokines and down-regulate co

stimulatory molecule expression on DC. It has also been shown that autocrine IL-10, by 

limiting the time during which DC are responsive to widely varying levels o f bacterial 

stimulation, delays the onset of DC apoptosis and thus prolongs the time during which DC 

are able to elicit in vivo humoral immunity (Colino and Snapper 2003). Therefore, IL-10 

production appears to be a requirement for properly balanced positive and negative 

signalling in DC to optimise an in vivo immune response to a pathogen.

This study evaluated the immune responses induced by TLR ligands alone or with 

other immunomodulatory molecules. Murine DC stimulated with these molecules were 

analysed for their ability to induce pro- or anti- inflammatory cytokines. In addition the 

generation of Thl/Th2 or Treg responses was examined following immunisation with these 

immunomodulatory molecules and a bystander antigen. CpG has been shown to be 

capable o f enhancing Thl type responses to co-administered antigen. Therefore, CpG was 

assessed for its ability to enhance protective immune responses to a Pa vaccine. In 

contrast, the efficacy o f a Pw vaccine was evaluated in IL-10 deficient mice to determine if 

the induction of IL-10 secreting Treg cells leads to impaired bacterial clearance in a 

respiratory challenge model.

105



4.2. Results

4.2.1 TLR ligands induce pro- and anti-inflammatory cytokines from cells of 

the innate immune system.

Pathogen-associated m olecular patterns, such as TLR ligands, have 

im m unom odulatory properties including the ability to activate cells o f  the innate immune 

system . To determ ine the effect o f TLR-ligands innate immune cells, m urine bone 

m arrow -derived DC and hum an peripheral blood m ononuclear cells (PBM C) were 

stim ulated with increasing concentrations o f Pam 3Cys, flagellin, zym osan, poly U, CpG- 

ODN or LPS. Supernatants were removed after 24 hours and analysed for the presence o f 

IL - ip , IL-10, IL-12p70, IL-12p40, IL-6 and T N F -a. Analysis o f  cytokine production from 

DC dem onstrated that each TLR ligand tested, particularly at higher concentrations (10 

)j,g/ml), was capable o f  inducing IL-10 production. The T hl-inducing  TLR ligands, CpG- 

ODN and LPS, induced IL-12p40 and IL-12p70 in addition to IL-6 and T N F-a. The Th2- 

inducing agonists PamSCSK, and flagellin also induced high concentrations o f  IL -ip , IL-6 

and T N F -a  from DC (Fig. 4.1). TLR ligands failed to stim ulate IL-12 production from 

hum an PBMC. However, stim ulation with flagellin or CpG-OD N resulted in high 

concentrations o f IL-10 production after 24 and 72 hours. IFN-y production was also 

detected following incubation with each o f the TLR ligands, with the strongest responses 

detected following stim ulation with flagellin or LPS (Fig. 4.2).

4.2.2 TLR ligands induce IL-10 production through ERK phosphorylation.

The phosphorylation o f  ERK is thought to be involved in the pathway that regulates 

IL-10 production in response to LPS. Therefore TLR ligands were analysed for their 

ability to induce ERK phosphorylation in DC. M urine DCs were pre-incubated with the 

phospho-ERK  specific inhibitor U 0I26  or medium  only before addition o f  Pam 3CSK, 

zym osan, LPS, flagellin, CpG-ODN. W estern blot analysis o f cell lysates dem onstrated 

that PamSCSK, zym osan, LPS, flagellin and to a lesser extent CpG-O D N , induced ERK 

phosphorylation when tested 15 m inutes after stim ulation, which was abolished in the 

presence o f the phospho-ERK inhibitor U0126 (Fig. 4.3).

To determ ine the role o f  ERK phosphorylation in IL-10 production, DC were pre- 

incubated with U 0I26  before the addition o f CpG -O D N  and the resulting DC supernatant 

was analysed for IL-10 after 24 hours. The results revealed that increasing concentrations
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of U0126 suppress IL-10 production in a dose dependent manner (Fig. 4.4). 

Concomitantly, increasing concentrations o f the inhibitor enhanced CpG-ODN-induced IL- 

12p70 production, suggesting that IL-10 and IL-12 are inversely regulated.

4.2.3 TLR ligand-induced cytokine production is m odulated by bacterial 

toxins or alum.

CpG and LPS stimulate DC to secrete a range o f cytokines, including IL-12 and 

IL-10, which promotes the induction o f Thl and Trl responses respectively. Other 

immunomodulatory molecules such as the bacterial toxins, CT and CyaA or alum are 

known to induce Th2-biased responses, characterised by the production o f IL-4, IL-5 and 

IL-10 from T cells. CT and CyaA have previously been shown to enhance IL-10 and 

suppress IL-12 production in response to LPS. To determine if bacterial toxins or alum 

could modulate TLR ligand-induced responses, DC were pre-incubated in the presence of 

C l , CyaA or another Th2-promoting molecule, chitosan, before the addition o f increasing 

concentrations CpG-ODN or LPS. CpG-ODN induced high levels of IL-12p70 which was 

completely suppressed following pre-treatment with CT. TN F-a production and CpG- 

induced IL-10 were also suppressed by CT. CT had little effect on TLR ligand-induced IL- 

6, IL -ip  or IL-12p40 production (Fig. 4.5A). CyaA from B. pertussis induced similar 

effects on TLR agonist stimulated DC, inhibiting 1L-I2p70 and TN F-a production, while 

increasing IL-10 production. CyaA alone induced IL-10, lL-6, IL -lp  and IL-12p40, 

however this may be due to the presence o f low levels of endotoxin in the CyaA 

preparation (Fig. 4.5A). The same experiment using LPS as the TLR agonist revealed a 

similar pattern to that observed with CpG. IL-12p70 production was abrogated in the 

presence of CT or CyaA, while TN F-a production was significantly suppressed (Fig. 

4.5B). In contrast, chitosan did not suppress any TLR ligand induced cytokines but did 

increase IL -ip  production from LPS or CpG stimulated DC.

Aluminium hydroxide is an effective adjuvant in many vaccine preparations, and is 

capable o f enhancing Th2 type responses to foreign antigens. DC were pre-incubated with 

an aluminium hydroxide before stimulation with either CpG-ODN or LPS. High 

concentrations o f alum inhibited production o f IL-12p70, IL-12p40, IL-10, TN F-a and 

lL-6 from CpG stimulated DC (Fig. 4.6A). High concentrations of alum also inhibited 

LPS-induced IL-12p70, IL-10 and TN F-a but not IL -ip , IL-6 or 1L-I2p40. However, 

lower concentrations o f alum enhanced LPS-induced IL-10 and IL -ip  production (Fig. 

4.6B).
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4.2.4 A whole cell pertussis vaccine induces strong cytokine responses from  

DC.

The Pw vaccine is a strong Thl inducing immunogen that confers protection 

against B. pertussis, the causative agent of whooping cough. It contains a plethora of 

components, which are capable o f acting as antigens or immunomodulators, such as LPS, 

FHA and PT. The Pw vaccine was examined alongside TLR ligands, CpG, LPS, poly LC 

or Pam3CSK4, for its ability to stimulate cytokine production from DC. As demonstrated 

in Fig. 4.1., CpG-ODN and LPS induce IL-10, TN F-a and IL-12p70 production from DC. 

A viral double-stranded RNA-like molecule poly LC, was also included in this experiment 

as a TLR-3 binding ligand. Poly LC induced TNF-a, IL-6, IL-12p40 and low 

concentrations of IL -lp , but did not induce IL-12p70 or IL-10 production from DC 

(Fig. 4.7). The Pw vaccine induced a very similar response to that observed after 

stimulation o f DC with CpG or LPS with the production of IL-10, TN F-a, IL -lp  and IL-6, 

although IL-12p70 production was less than that produced by stimulation with CpG-ODN 

(Fig. 4.7).

4.2.5 TLR ligands induce maturation of DC.

Having shown that TLR ligands induced cytokine production, their effect on DC 

maturation, (MHC II and co-stimulatory molecule expression), was examined by 

stimulating immature BMDC with CpG-ODN, LPS, flagellin, PamSCys, zymosan or poly 

U. DC maturation was determined 24 hours later through immunofluorescence analysis 

with antibodies specific for CD40, MHC II, ICAM-1, CCR5, CD80 or CD86 expression. 

CpG-ODN, LPS and flagellin all enhanced expression o f CD80, CD86 and downregulated 

expression o f CCR5. PamSCys also induced DC maturation, but unlike CpG or LPS, did 

not enhance CD86 expression. Compared with CpG or LPS, zymosan or poly U 

stimulation resulted in weaker activation o f surface marker expression, but did enhance 

CD86, but not CD80 expression (Fig. 4.8).

Pw and Pa vaccines were also tested for their ability to induce DC maturation, 

through an examination o f their effect on CD40, MHC II, ICAM-1, CD86, CD80 and 

CCR5 expression. The Pw vaccine enhanced the expression of all surface and co

stimulatory molecules examined, in particular, CD40, CD86 and CD80. However, 

stimulation o f DC with the Pa vaccine resulted in more modest up-regulation o f surface 

marker expression and failed to enhance CD80 (Fig 4.8).
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4.2.6 TLR ligands induce Thl, Th2 and/or Treg responses when used as 

adjuvants in vivo.

The activation o f cells o f the innate immune system, especially DC, is important in 

determining the type o f adaptive immune response generated with pathogen derived 

molecules, such as TLR ligands. In order to examine the induction o f adaptive immune 

responses mice were immunised with a model antigen, KLH, in the presence or absence of 

Pam3CSK4, flagellin, CpG-ODN, LPS or PBS only. 7 days after immunisation, lymph 

node cells were cultured ex vivo with KLH and IL-4, IL-5, IL-10 and IFN-y production was 

measured in cell supernatants. Mice immunised with KLH in the presence of CpG-ODN 

or LPS induced antigen-specific T cell proliferative responses (Fig. 4.9). Enhanced KLH- 

specific IFN-y and IL-10 production was also detected in lymph node cells from mice 

immunised with KLH and CpG-ODN or LPS. Low concentrations of IL-4 were observed 

in KLH-stimulated lymph node cells from mice immunised with KLH, which was 

increased with the addition of Pam3CSK4 (Fig. 4.10).

To determine if IL-10 and IFN-y detected in KLH stimulated lymph node cells was 

produced by one or separate T cell populations, T cell lines were established from mice 

immunised with KLH in the presence or absence o f TLR ligands and IL-10 and IFN-y 

production was determined by intracellular staining o f CD4" T cells. The results revealed 

that immunisation with KLH and CpG-ODN or LPS induced populations of CD4*  ̂ T cells 

that secrete IFN-y, IL-10 or both cytokines, suggesting that these TLR ligands induce both 

Thl and Trl type responses. Immunisation with KLH in the presence o f Pam3CSK4 or 

flagellin however, resulted in marginal enhancements in IL-10 production, while IFN-y 

production was similar to that observed from lymph node cells from mice immunised with 

KLH alone (Fig. 4.11).

4.2.7 TLR agonists increase antigen specific antibody titres.

TLR agonists are known to be potent immunomodulators that enhance both innate 

and adaptive immune responses. To determine the effect of TLR ligands on humoral 

immune responses, serum from mice immunised as described in 4.2.6, was analysed for 

KLH-specific antibody production. The strongest IgG titres were observed following 

immunisation with KLH and CpG-ODN. Immunisation with KLH and LPS, flagellin or 

Pam3CSK4 generated high KLH-specific titres, but these were less than those induced 

with KLH and CpG-ODN (Fig. 4.12).
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4.2.8 T hl and Th2 promoting adjuvants also generate Treg cells.

In addition to TLR ligands, many other molecules have been shown to possess 

adjuvant properties and are capable of inducing immune responses to bystander antigens. 

Complete Freunds adjuvant (CFA), poly 1:C, Pw, CT, alum or chitosan were assessed for 

their abilities to enhance adaptive immune responses to the model antigen, KLH. Mice 

were immunised with KLH alone or with each o f the above adjuvants. Antigen-specific 

responses were assessed in spleen and lymph node 7 days after a single immunisation. Pw 

and CT were found to induce strong proliferative responses from spleen and lymph node 

cells, whereas poly 1:C and alum induced more modest proliferative responses (Fig. 4.13 A 

and B). Analysis o f cytokine responses demonstrated that immunisation with KLH and CT 

or poly I:C induced IFN-y production from spleen cells. In addition, CT induced lL-10, 

IL-5 and lL-4 production from spleen cells stimulated ex vivo with KLH (Fig. 4.14A). 

Analysis of cytokine production from lymph node cells also demonstrated that CT is 

capable o f inducing high concentrations of IL-IO, as well as IFN-y, IL-5 and lL-4. 

Immunisation with KLH and Pw induced T cells that secreted IFN-y and IL-10 from lymph 

node cells, suggesting that this pertussis vaccine induces Thl and Treg-type responses. 

Immunisation with KLH and alum or chitosan induced similar cytokine profiles, with the 

production o f lL-10 and lL-4 predominantly, which suggested that these adjuvants induced 

Th2 and Treg-type responses in lymph node cells (Fig 4.14B). Immunisation with KLH 

and CFA induced low levels of lL-4, IL-10 and IFN-y production from lymph node cells.

4.2.9 Trl cells suppress IFN-y production from T hl cell lines

Having demonstrated that mice immunised with TLR ligands, bacterial toxins or a 

Pw vaccine, generates populations o f IL-10 secreting T cells, the suppressor function of 

these cells were examined. The suppressor function o f KLH-specific IL-10 (T rl) or IL-IO 

and IFN-y (Thlr) secreting T cells, induced by immunization with KLH and CpG-ODN 

was determined, against an established KLH-specific CD4^ Thl cell line. The population 

of Trl cells that secreted IL-IO, but not IFN-y were expanded from spleen cells of mice 

immunized with KLH and CpG-ODN by initial culture in the presence o f neutralizing 

IFN-y antibodies and recombinant murine IL-IO. These Trl cells suppressed IFN-y 

production by Thl cells at a ratio o f 1:3, 1:1 and 3:1, with the greatest expression observed 

with the highest number of Trl cells (Fig 4.15). The T h lr  cells, which secreted IFN-y and 

IL-10 also suppressed IFN-y secretion, but only at ratio of 1:1 and 3:1. These findings
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suggest that in addition to inducing effector IFN-y secreting cells, CpG-ODN 

sim ultaneously prom ote the induction o f  T cells with suppressor activity.

4.2.10 Antibody responses from T h l and Th2 prom oting adjuvants.

Serum from mice im munised with KLH in the presence o f CFA, poly I:C, Pw, 

CpG -O D N , CT, alum or chitosan was analysed for the presence o f  KLH-specific IgG, 

IgG l and IgG2a antibodies. M ice im munised with KLH and CFA or alum produced 

strong IgG titres, which were predom inantly o f  the IgG l isotype. Im m unisation with KLH 

and Poly I:C, CpG, CT or chitosan all induced sim ilar levels o f  K LH-specific IgG, 

however, all o f  these adjuvants induced higher IgG l than IgG2a titres. In contrast, CpG- 

ODN and Pw induced relatively higher IgG 2a titres, which is consistent with the 

dem onstration that CpG or Pw induce T h l biased responses (Fig. 4.16).

4.2.11 Cytokine production from T cell lines generated from T h l and Th2 

inducing adjuvants.

In order to confirm  the induction o f  T rl and T h l-  or Th2 cytokines and to examine 

if these cytokines were produced by the same or distinct T cells, T cell lines were 

generated from spleen or lymph node o f  m ice im munised with KLH alone or in the 

presence o f CyaA, CT or CpG-OD N. These T cell lines were m aintained by re-stim ulation 

with antigen-stim ulated APC and lL-2 and cytokine production was assessed in 

supernatants after antigen stimulation. CD4^ T cell lines from m ice im munised with KLH 

produced low levels o f IL-10, IL-5 and no lL-4. K LH -specific T cell lines generated from 

spleen cells o f  mice im munised with KLH and CyaA secrete high levels o f  IL-10 and 

varying concentrations o f IFN-y. T cell lines derived from lymph node cells o f  mice 

im munised with CyaA and KLH also secrete very high levels o f  IL-10, IL-4 and IL-5 

suggesting that responses generated in the lymph node are more Th2 biased. CT has been 

shown to induce mixed T h l/T h 2  type responses. This was also evident in T cell lines 

generated from spleen and node cells o f mice im m unised with CT and KLH. KLH-specific 

T cell lines from spleen cells display m ixed cytokine responses with the production o f  IL-5 

and IL-10 in each T cell line generated. T cell lines generated from m ice im munised with 

KLH and CpG-ODN produced consistently high concentrations o f  IFN-y. IL-10 was also 

detected in all T cell lines generated with CpG, which suggests that CpG is capable o f 

inducing Treg in addition to T h l type responses (Fig. 4 .17).



4.2.12 Regulation of T h l and Th2 cytokine responses by regulatory cytokines.

Immunisation with KLH and CpG, CyaA or CT induces mixed T hl/T rl or Th2/Trl 

responses. In order to determine the role of regulatory cytokines in the generation of T cell 

responses, T cell lines were established from mice immunised with KLH and CpG-ODN or 

KLH and CT or with Pw by incubation with antigen and APC in the presence o f anti-IL- 

10, anti-IFN-y or anti-lL-4 antibodies. These antibodies were used to determine if 

blocking the effects o f IFN-y, IL-10 or IL-4 would influence the expansion o f T cells 

secreting the other cytokines. Mice immunised with CpG-ODN and KLH or Pw induced 

IFN-y and IL-10 secreting cells. Immunisation o f mice with CT and KLH induced T cells 

that secreted IL-10, IFN-y, IL-5 and IL-4. The addition o f anti-IFN-y abolished IFN-y 

production, however, anti-IFN-y had no effect on IL-4, IL-5 or IL-10 production from T 

cell lines generated from spleens (Fig. 4.18A). Increased IL-4, IL-5 and IL-10 production 

was observed from KLH-specific T cell lines generated from lymph node cells o f mice 

immunised with CT and KLH (Fig. 4.18B). Anti-IL-10 did not neutralise IL-10 production 

by T cell lines generated from spleens o f mice immunised with KLH and CpG, KLH and 

CT or Pw but did reduce IL-10 production by T cells generated from lymph node. Anti- 

IL-10 enhanced IFN-y production from T cell lines generated from spleens o f mice 

immunised with CpG and KLH, CT and KLH or Pw. Anti-IL-4 also suppressed IL-4 and 

IL-5 production from T cell lines from spleen or lymph node o f mice immunised with 

KLH and CT and enhanced IFN-y production by T cell lines established from spleens of 

mice immunised with Pw.

4.2.13 Immunisation with the acellular pertussis vaccine induces Th2 

responses, which is skewed towards a T hl response in the presence of CpG- 

ODN.

The Pw vaccine is more protective than Pa in mice and in children (Gustafsson, 

Hallander et al. 1996). Mice immunised with the Pw vaccine generate T cells that secrete 

the Thl cytokine, IFN-y but also IL-10 and low concentrations o f IL-5. However, the Pa 

vaccine, which comprises o f FHA and PT, generates a Th2-biased response with IL-4, IL-5 

and IL-10 production. As CpG-ODN can enhance Thl responses, it was administered with 

the Pa vaccine in an attempt to enhance IFN-y production and therefore its protective 

efficacy. Mice were immunised i.p. with a low dose (0.04 human dose) of Pw, Pa, Pa and 

CpG-ODN or PBS. 14 days after 2 immunisations, spleen cells were stimulated with B.
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pertussis sonicate or B. pertussis proteins and cytoi<ine responses were determined in 

supernatants by ELISA. The Pw vaccine induced T cells that produced high 

concentrations of IFN-y and IL-10 production in response to B. pertussis sonicate and 

proteins, but low concentrations o f IL-5 and IL-4 production. Spleen cells from Pa 

immunised mice demonstrated weak responses with IL-10 the only cytokine detectable in 

supernatants of antigen-stimulated cells. However, the inclusion of CpG-ODN enhanced 

the responses generated with the Pa vaccine, with significant concentrations o f B. 

pertussis-specific IFN-y as well as IL-10 production detection in B. pertussis-antigen 

stimulated spleen cells (Fig. 4.19).

4.2.14 Antigens from B. pertussis induce varying responses following 

immunisation.

Components o f the bacterium B. pertussis, such as PT, FHA, CyaA and LPS, can 

act as immunomodulatory molecules that are capable o f inducing cytokine production from 

innate cells as well as antigen-specific T cells. FHA and PT are components o f the Pa 

vaccine (Edwards 1993) and contribute to the Th2 response generated by the vaccine. 

Cytokine responses were assessed using spleen cells o f mice immunised with the Pa 

vaccine in the presence or absence o f CpG-ODN, the Pw vaccine or PBS, which were 

stimulated ex vivo with either B. pertussis sonicate or PT. Spleen cells o f mice immunised 

with the Pa vaccine alone secreted high concentrations IL-5, IL-10 and IFN-y following 

stimulation with PT (Fig. 4.19). However, stimulation of spleen cells with B. pertussis 

sonicate resulted in high concentrations o f IL-10 and very low concentrations o f IFN-y. 

Immunisation with Pa and CpG-ODN resulted in lower concentrations o f IL-10, IL-5 and 

IL-4 production in response to PT or B. pertussis sonicate. The Pw vaccine induced a 

strong Thl and Treg responses with the secretion o f very high concentrations o f IFN-y and 

IL-10 and low concentrations o f IL-4 and IL-5 from spleen cells stimulated with PT or B. 

pertussis sonicate (Fig. 4.20). This result suggests that the Pa vaccine induces stronger 

Th2 type responses to individual bacterial components such as PT, while the Pw vaccine 

elicits stronger T h l- and T rI- biased responses following stimulation with the whole 

bacteria.
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4.2.15 CpG -O D N reduces alum -induced Th2 type cytokine production.

Alum is used as an adjuvant for many vaccines because it is safe and relatively 

effective. How'ever it induces predominantly Th2 responses characterised by the 

production o f IL-4, IL-5, and IL-10. Having shown that CpG-ODN enhanced Thl type 

responses to a Pa vaccine administered in PBS to mice, this was extended to an 

examination o f the effect o f CpG-ODN on a Pa vaccine administered with alum. Mice 

were immunised with the Pa vaccine in the presence or absence o f alum and/or CpG-ODN. 

Spleen cells were removed 2 weeks after the final immunisation and stimulated ex vivo 

with FHA, PT, B. pertussis sonicate or B. pertussis proteins. The results reveal that 

immunisation with the Pa vaccine induced PT-specific T cells that secreted IFN-y, IL-10, 

IL-5 and IL-4. The FHA-specific responses induced with this vaccine were confined to the 

Th2/Trl cytokines IL-10 and IL-5. The inclusion o f CpG-ODN in the vaccine resulted in 

enhanced IFN-y production and lower concentrations o f IL-4 and IL-5. Spleen cells from 

mice immunised with Pa and alum secreted high concentrations o f IL-5 and IL-4 in 

response to in vitro stimulation with FHA or PT. However these responses were undetected 

in spleen cells from mice immunised with the Pa vaccine and alum in the presence o f CpG- 

ODN (Fig. 4.21). No increase in B. perto iw -specific  IFN-y production was observed 

following the inclusion of CpG-ODN with the Pa vaccine in the presence of alum.

4.2.16 IFN -y modulates cytokine production following im m unisation with Pw 

or Pa.

The Pa vaccine, administered with CpG-ODN, generates cells that secrete high 

concentrations of IFN-y. In addition, CpG-ODN inhibits Th2-type cytokine production 

induced following immunisation with the Pa alone. To determine if increased IFN-y 

production was responsible for inhibiting Th2-type cytokines, T cell lines from mice 

immunised with Pw, Pa alone or in the presence o f CpG-ODN, alum or CpG-ODN and 

alum, were generated in the presence or absence o f anti-IFN-y antibodies. Mice 

immunised with Pw or Pa and CpG-ODN with or without alum induced IFN-y secreting 

cells and low levels o f IL-4 and IL-5 (Fig 4.22). Mice immunised with the Pa vaccine 

alone or with alum induced cells that produced IL-5 and low levels o f IFN-y. IL-10 

secreting cells were observed in all T cell lines generated. The addition o f anti-IFN-y 

antibodies abolished IFN-y production and increased IL-10 production from T cell lines 

generated from the spleens o f immunised mice. Anti-IFN-y antibodies also reduced IL-5
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production and increased IL-4 production from T cell lines o f  m ice im munised with Pa, Pa 

and alum or Pa and CpG-ODN with alum.

4.2.17 CpG-ODN enhances Pa induced IgG2a serum titres.

Serum from mice im munised with Pw, Pa, Pa and CpG-ODN or PBS was analysed 

for the presence o f  B. pertussis-specifxc  IgG, IgG l and IgG2a. The Pw vaccine induced 

high B. pertussis-specific  IgG titres, with both IgG l and IgG 2a antibodies detected at 

sim ilar titres. B. pertussis-specific  IgG responses were w eaker following im munisation 

with the Pa vaccine, and the antibody response was predom inantly o f  the IgG l subtype. 

However, the form ulation o f  the Pa vaccine with CpG-OD N enhanced B. pertussis-specific  

IgG titres, in particular IgG2a. This is consistent with the observation that CpG-ODN 

enhances T h l-ty p e  responses (Fig 4.23).

4.2.18 CpG-ODN enhances the protective efficacy of the Pa vaccine.

In order to exam ine the protective efficacy o f  the various pertussis vaccine 

form ulations, m ice were challenged with live B. pertussis  and the rate o f bacterial 

clearance was assessed in the lungs. M ice im munised with Pa, Pa and CpG-OD N, CpG- 

ODN alone or PBS as control were aerosol challenged with B. pertussis  two weeks after 

two i.p. immunisations. Lungs were harvested on the day o f  challenge and on various days 

post challenge to determ ine bacterial load. It was clearly evident that im munisation with 

the Pa vaccine in the presence o f CpG-ODN had a dram atic effect on B. pertussis  

clearance, with significantly lower bacterial load {P <0.001) within the first week post 

challenge when com pared with m ice im munised with the Pa vaccine alone (Fig. 4.24). A 

second experim ent was carried out, with a higher vaccine dose, including an additional 

control group given CpG -O D N  alone. Results o f  this experim ent confirm ed the protective 

effect o f  CpG in the Pa form ulation and dem onstrated that the enhanced bacterial clearance 

was due to the com bined effect o f  im munising with the Pa vaccine and CpG-OD N and not 

CpG -O D N  alone. The bacterial clearance in m ice im m unised with CpG alone was similar 

to those in mice im munised with PBS (Fig. 4.25).

4.2.19 Inclusion of CpG-ODN in the Pa formulation reduced lung IgA titres 

after B. pertussis challenge.

Having dem onstrated dram atically improved bacterial clearance from the lungs o f 

m ice im munised with Pa form ulated with CpG and challenged with B. pertussis, lung IgA



litres were examined. Mice were immunised with the Pa vaccine, in the presence or 

absence of CpG-ODN or PBS alone as control, and were then challenged with live B. 

pertussis 2 weeks after the last immunisation. At days 0, 3, 7, 14 and 21 after challenge 

lung homogenates were examined for B. pertussis-specific IgA. The results demonstrate 

that immunisation with Pa and CpG-ODN results in considerably lower IgA titres 

compared with mice immunised with the Pa vaccine alone. This is consistent with the 

switch from Th2 to Thl-type responses and suggests that as bacterial clearance was 

comparatively quicker following immunisation with Pa and CpG-ODN, induction o f IgA 

responses after challenge was not required for effective bacterial clearance (Fig. 4.26).

4.2.20 The induction of IL-10 does not affect efficient bacterial clearance in a 

B. pertussis challenge model.

IL-10 is induced following stimulation o f innate immune cells, such as DC and 

macrophages, with immunomodulatory molecules such as LPS or CpG and is also secreted 

by Treg and Th2 cells. A major function o f IL-10 is to control inflammation and to 

suppress Thl type responses (Roncarolo, Bacchetta et al. 2001). However, induction of 

IL-10 by innate or adaptive immune cells is a strategy developed by certain pathogens to 

subvert protective immune responses (Brady, MacDonald et al. 2003). Having 

demonstrated that Pw induces IL-10 secreting T cells as well as Thl cells, an important 

question to be addressed was the functional significance o f this IL-10. To determine if the 

induction o f IL-10 impedes bacterial clearance following immunisation, IL-IO"'"' mice and 

wild type C57BL/6 mice were immunised with the Pw vaccine. 2 weeks after the final 

immunisation immunised mice were challenged with live B. pertussis. Lung homogenates 

were examined for the presence of B. pertussis at 0, 5 and 10 days post challenge. The rate 

o f bacterial clearance from the lungs suggests that the Pw vaccine is similarly efficient in 

IL-10'^' and wild type mice reducing bacterial load quickly in both strains (Fig. 4.27). This 

suggests that although high concentrations of IL-10 are induced following immunisation 

with the Pw vaccine, it does not have a detrimental effect on the efficacy o f the pertussis 

vaccine.
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4.2.21 IL-IO'/- m ice produce similar levels o f IFN -y as wild type C 57B L /6 mice 

following im m unisation with Pw but induce stronger proliferative responses.

Having demonstrated that C57BI76 mice clear B. pertussis infection from the lungs 

o f Pw immunised mice as quickly as IL-10'^' mice, the next step was to investigate whether 

antigen-specific IL-4, IL-5 or IFN-y production or T cell proliferative responses were 

affected by the absence of lL-10. Spleen cells from C57BL/6 and IL-10'^‘ mice immunised 

with Pw vaccine were stimulated ex vivo with B. pertussis antigens and cytokine and 

proliferative responses were determined after 3 days in culture. Spleen cells from Pw- 

immunised IL-10'^' mice showed significantly greater proliferative responses to B. 

pertussis sonicate and B. pertussis proteins compared with the wild type C57BL/6 mice 

(Fig. 4.28). B. pertussis-speciric IFN-y production was detected in spleen cells from both 

IL-10'^' and C57BL/6 mice following immunisation, however, IFN-y concentrations were 

greater from spleen cells o f wild type mice. IL-5 production was also induced in both wild 

type and knockout mice, but B. pertussis proteins induced more IL-5 from the C57BL/6 

derived spleen cells. Spleen cells from Pw-immunised C57BL/6 mice produced IL-10 

following stimulation with FHA, B. pertussis proteins or B. pertussis sonicate (Fig. 4.29).

4.2.22 IL-10'/- m ice im m unised with Pw vaccine produce similar IgG titres but 

greater IgA titres then C 57BL/6 m ice.

The Pw vaccine induces strong B. pertussis-specific antibody responses as well as 

T cell responses. Serum IgG, IgGl and Ig02a titres were determined before challenge, 

while lung IgA titres were investigated on the day o f challenge and 5 and 10 days post 

challenge. IgG and IgG2a titres were similar in both C57BL/6 and IL-IG'^' mice, however, 

IgGl titres were marginally higher in IL-10'^' mice (Fig. 4.30). Interestingly, analysis of 

IgA from lung homogenate demonstrated that Pw immunised IL-10’'̂ ' mice produce higher 

IgA titres before and after challenge with live B. pertussis (Fig. 4.31). This finding 

suggests that IL-10 may also be involved in the regulation of IgA production following 

vaccination and infection.
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4.3 D iscussion

The success o f new vaccine strategies depends greatly on the availability of 

appropriate adjuvants that are safe and effective for human use. Since the protective 

immune responses are different for different pathogens, effective vaccines must have an 

adjuvant that induces the appropriate immune responses. Thus, it is necessary to design 

and develop adjuvants that not only induce humoral responses but also cellular immune 

responses (Audibert 2003). A key property o f a successful adjuvant is the capacity to 

activate innate immune responses, which play an important and instructive role in 

generating adaptive immunity. This study focused on the assessment of a new formulation 

for a pertussis vaccine based on its ability to generate protective cell mediated immunity 

and examined the induction and role of Treg cells in vaccine-induced immunity.

Vaccines confer protective immunity to infection through the generation of antigen- 

specific effector T cells, which promote neutralizing antibody production and mediate 

cellular immunity against the pathogen. These responses are influenced quantitatively and 

qualitatively by adjuvants in the vaccine formulation and can be recalled following the 

generation of memory T and B cells. Adjuvants may be exogenous immunomodulators 

added to the antigen formulation or endogenous components o f attenuated or inactivated 

viral or bacterial vaccines, which non-specifically activate innate immune responses 

through interaction with TLRs and other pathogen recognition receptors. TLR agonists, 

such as LPS and CpG-ODN, as well as whole bacteria, including B. pertussis and M. 

tuberculosis promote Thl-type responses to co-injected antigens by stimulating DC 

maturation and IL-12 production from macrophages and DC (Hemmi, Takeuchi et al. 

2000; Agrawal, Agrawal et al. 2003; Higgins, Lavelle et al. 2003; Kapsenberg 2003). In 

contrast, other pathogen-derived molecules, including the lipopeptide PamSCys, which 

signals through TLR2, and bacterial toxins, such as CT and CyaA, as well as non- 

microbial adjuvants, including alum and chitosan, enhance Th2 responses to bystander 

antigens (McNeela, O'Connor et al. 2000; Pulendran, Kumar et al. 2001; Agrawal, 

Agrawal et al. 2003; Kapsenberg 2003; Lavelle, McNeela et al. 2003; Dillon, Agrawal et 

al. 2004; Ross, Lavelle et al. 2004). However, in this study pathogen-derived molecules 

that generate Thl or Th2 cells were found to simultaneously promote the generation o f 

Treg cells specific for co-administered antigen.

It was demonstrated that Thl - and Th2-inducing adjuvants and immunomodulatory 

molecules, including TLR ligands, have the ability to induce IL-10 secreting CD4^ T cells 

following immunisation with a bystander antigen, KLH. Co-administration with the TLR-
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agonists, CpG-ODN, LPS or poly I:C or with Pw generated KLH-specific T cells that 

secreted high concentrations o f  IFN-y, but not IL-4, a cytokine profile consistent with the 

induction o f  T h l cells. Im m unization o f  mice with KLH in the presence o f PamSCys, CT, 

alum  or chitosan prom oted the induction o f  Th2 type responses, with secretion o f  IL-4, but 

not IFN-y, by antigen-stim ulated lymph node cells. However, both T h l and Th2 

prom oting adjuvants also induced IL-IO producing antigen-specific T cells. Intracellular 

cytokine staining on T cells from m ice im munised with KLH and CpG-ODN dem onstrated 

the induction o f  IFN-y secreting T cells and distinct population o f IL-lO -producing T rl-  

type cells. CD4^ T cells from m ice im munized with KLH and CpG or LPS secreted IFN-y 

or IL-10 alone or IFN-y and IL-10. This confirms that these T h l prom oting TLR ligands 

also prom ote the induction o f TrI type cells as well as a population that secretes both 

cytokines. Like IL-10- secreting T rl type cells (M cNeela, O 'Connor et al. 2000; Lavelle, 

M cN eela et al. 2003; Ross, Lavelle et al. 2004), T cells that secrete IL-10 and IFN-y, 

term ed T h l-like  regulatory cells have been shown to act as suppressor T cells in an allergy 

model (Stock, Akbari et al. 2004). In this study, K LH -specific T rl cells were also shown 

to suppress IFN-y production from an established T cell line generated from mice 

im m unised with CpG-OD N and KLH. In addition to prom oting Th2 responses, CT also 

generates a population o f T rl-type cells, which secrete IL-10 without IL-4 or IFN-y and 

suppress proliferation and IFN-y production by T hl cells (Lavelle, M cN eela et al. 2003).

Studies on a possible m echanism suggested that TLR agonists direct the induction 

o f  T rl and T hl cell by prom oting IL-10 as well as IL-12 production from DC, w hereas CT 

and CyaA stimulate induction o f T rl and Th2 cells by enhancing IL-10, but inhibiting IL- 

12 production (Lavelle, M cN eela et al. 2003; Ross, Lavelle et al. 2004). This study 

showed that DC stim ulated with LPS or CpG induced IL-12p70 and IL-10 production, 

which consequently prom oted the induction o f T cells that secrete IFN-y and IL-10 

respectively. Interestingly, these molecules also induced IL-10 from hum an PBM C. In 

addition, CpG-ODN or LPS enhanced co-stim ulatory m arker expression on DC, in 

particular CD80 and CD86, while the TLR2 agonist, Pam 3Cys, only expressed enhanced 

expression o f CD80. It has been suggested that CD80 provides a negative signal in the 

regulation o f  immune responses (M artin-Fontecha, M oro et al. 2000; LaBelle, Hanke et al. 

2002; Sansom , M anzotti et al. 2003) which correlates with the subsequent induction o f 

Treg to suppress im mune responses (Zheng, M anzotti et al. 2004) and m ay suggest a role 

for CD80 co-stim ulation in IL-10 production by Treg.

119



Previous studies reported that Pam3Cys induces Th2 responses through its ability 

to induce sustained ERK 1,2 phosphorylation in DC, which results in the stabilization of 

the transcription factor c-Fos, a suppressor o f IL-12 (Agrawal, Agrawal et al. 2003). Other 

studies have suggested that signalling via different TLRs may instruct DC to elicit distinct 

adaptive responses by the stimulation of intracellular signalling pathways in the DC 

(Agrawal, Agrawal et al. 2003). To determine the potential signalling pathways that could 

mediate different responses in the DC, the mitogen-activated protein kinases (MARK) 

signalling pathway was investigated, in particular the role of ERK phosphorylation in 

IL-10 production. ERK is activated in cells in response to infectious agents and innate 

immune stimulators such as CpG-ODN, and can regulate the subsequent initiation and 

termination o f immune responses (Yi, Yoon et al. 2002). ERK has been shown to play a 

central negative regulatory role in the CpG-mediated Thl type response by promoting 

production o f lL-10. Having observed the production of lL-10 from DC stimulated with 

TLR ligands, ERK phosphorylation was examined in DC stimulated with various TLR 

ligands. The results demonstrated that all TLR ligands examined induced ERK 

phosphorylation in DC. Thus, distinct TLR agonists modulate extracellular signal- 

regulated kinase signalling, c-Fos activity, and cytokine responses in DC to induce 

different T helper responses. Therefore, it would appear that pathogen-derived molecules, 

such as TLR ligands, induce ERK activation and consequently the production of IL-10 as a 

method of controlling potentially harmful immune responses. It has also been suggested 

that TLR ligands, such as LPS, have dual effects on DC that are biologically important, 

activating existing DC to initiate an immune response, and inhibiting the generation of new 

DC to limit such a response (Xie, Qian et al. 2003). Indeed this could be a central role for 

IL-10 in innate immunity. Inhibition o f ERK activation and hence the production o f IL-10, 

with the phospho-ERK-specific inhibitor, U0126, inhibited IL-10 and enhanced 1L-I2p70 

production from CpG-ODN stimulated DC. As IL-12 production is mediated through p38 

phosphorylation, this suggests that p38 and ERK differentially regulate the production of 

pro- and anti-inflammatory cytokine production from TLR ligand-stimulated DC.

In bacterial infections such as those caused by V. cholera and B. pertussis, toxins 

are released that can subvert the establishment o f protective immunity. CT and CyaA from 

V. cholera and B. pertussis respectively, have been shown to inhibit IL-12 and enhance IL- 

10 production in response to TLR ligands such as LPS (Lavelle, Jarnicki et al. 2004; Ross, 

Lavelle et al. 2004). In this study, the effect o f these bacterial toxins on DC activation was 

examined using CpG-ODN or LPS. Both CT and CyaA completely inhibited IL-12p70 

production by CpG-ODN or LPS stimulated DC. CyaA enhanced IL-10 production by DC
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in response to LPS, but not CpG-ODN. Interestingly, CT and CyaA also suppressed the 

production of TN F-a from CpG-ODN and LPS stimulated DC, suggesting that these 

bacterial toxins can inhibit the signalling pathways involved in the regulation o f IL-12 and 

TO F-a production.

This study also examined the immunomodulatory properties o f chitosan, a 

polysaccharide derived from the exoskeletons o f crustaceans, previously shown to act as a 

delivery system for nasal vaccines (McNeela, O'Connor et al. 2000; McNeela, Jabbal-Gill 

et al. 2004). Although chitosan alone did not activate DC very efficiently, it did enhance 

CpG-ODN or LPS induced IL-ip. In contrast to CT or CyaA, which inhibited IL -ip  

production from TLR-stimulated DC. This suggests that chitosan increases the activation 

o f signalling pathways that induce IL -ip  production, whereas CT or CyaA inhibit 

signaling pathways, including p38 phosphorylation, which results in the suppression o f IL- 

12 and TNF-a, yet increase IL-10, possibly by inducing ERK phosphorylation.

Tr cells play a central role in immune homeostasis and in the prevention of 

autoimmune diseases and there is increasing evidence that both natural CD4^CD25^ Tr 

cells and inducible Tr cells that secrete IL-10 and/or TGF-p, termed Trl and Th3 cells 

respectively, may play a protective role in immunity to infection in the naive host, where 

they help to control infection-induced immunopathology (Mills 2004). However, the role 

o f Tr cells in recall immune responses and in vaccine-induced immunity has not been 

investigated. Therefore, having demonstrated that TLR ligands induce Tr as well as Thl or 

Th2 responses it was important to assess the impact of these observations on protection 

using a proven animal model. The murine respiratory challenge model (Mills, Ryan et al. 

1998), provided an ideal system in which to examine the induction o f Tr cells with licensed 

pertussis vaccines and its impact on vaccine-induced immunity. This model was used to 

determine if IL-10 secreting T cells, induced following immunisation with the Pw vaccine, 

suppressed the protective efficacy o f the vaccine. Both Pa and Pw vaccines are successful 

in the control o f whooping cough although neither provides protection o f a long duration 

(Mills 2001). The Pw vaccine induces potent Thl responses while the Pa vaccine induces 

Th2-type responses. This challenge model against B. pertussis was also used to determine 

if TLR ligands, namely CpG, could induce a Thl-type response to the Pa pertussis vaccine, 

which alone generates Th2 biased responses.

The Pa vaccine was developed following frequent reports o f adverse effects 

experienced after the administration o f the Pw vaccine. In a challenge model the Pa 

vaccine reduced the bacterial load in the lungs, but bacterial clearance was slower than in 

Pw-immunised mice. The inclusion o f CpG-ODN, which promotes Thl and Trl
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responses, with the Pa vaccine resulted in improved bacterial clearance, which was 

equivalent to that achieved with the Pw vaccine. This demonstrated that enhancing Thl 

responses improved the protective efficacy o f the Pa vaccine. In addition, the induction of 

increased numbers o f IL-lO-secreting T cells does not appear to compromise the vaccine 

efficacy when induced with IFN-y-secreting T cells. CpG-ODN was also shown to inhibit 

Th2-type cytokine production following immunisation with the Pa vaccine and alum. 

However, despite suppressing IL-4 and IL-5 production, CpG-ODN did not enhance 

pertussis specific-IFN-y production in mice immunised with the Pa vaccine in the presence 

of alum. This suggests that CpG can enhance Thl-type responses to component vaccines 

such as the Pa vaccine that induce Th2 responses. In contrast, CpG suppressed Th2 

responses in the presence o f a strong Th2-inducing adjuvant such as alum but did not 

increase IFN-y production. Interestingly, although alum-induced IL-4 and IL-5 production 

were inhibited following the inclusion o f CpG-ODN, little change was observed in IL-10 

production. Thus Tr cells are still induced in the presence o f a strong Thl promoting 

adjuvant.

The Pw vaccine provides strong protective immune responses due to the fact that it 

is made up of a plethora o f antigens and bacterial components that stimulate innate and 

subsequently adaptive immune responses. These include bacterial toxins, such as CyaA 

and PT as well as virulence factors, such as FHA and TLR ligands, including LPS. The 

combination o f antigen and immunomodulatory molecules in the vaccine contributes to the 

high level o f protection against infection, but this vaccine has been associated with 

neurological side effects (Mills 2001; Armstrong, Loscher et al. 2003). In this study, it 

was demonstrated that the Pw vaccine is a potent inducer o f IFN-y, consistent with 

previous reports o f selective Thl cell induction in mice and humans (Mills, Ryan et al. 

1998; Ryan, Murphy et al. 1998), but also induced IL-lO-secreting Treg cells. Since IL-10 

can suppress immune responses, including Thl responses, which protect against B. 

pertussis, it is possible that IL-10 induction could reduce the efficacy o f the Pw. Previous 

studies have shown that certain infections are cleared more quickly in IL-10 defective mice 

(IL -10 '■) suggesting that IL-10 can suppress protective immune responses (Roncarolo, 

Bacchetta et al. 2001). While IL-10 may play a role in natural immunity in preventing 

immunopathology, the role o f IL-lO-producing Treg in vaccine-induced immunity has not 

been addressed. T cell lines generated from mice immunised with KLH and CpG-ODN or 

Pw secreted IFN-y and IL-10. High concentrations o f IFN-y were also detected following 

antigen stimulation of T cell lines derived from Pw immunised mice expanded in the 

presence o f anti-IL-10. Anti-IL-10 also reduced IL-4 and IL-5 production from T cell lines
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generated from mice im munised with KLH and CT. Therefore improved bacterial 

clearance m ight be expected in Pw im munised m ice in the absence o f IL-10 due to the 

enhancem ent o f  IFN-y production. Therefore, the bacterial clearance and cytokine 

production following im munisation with the Pw vaccine was exam ined, with the aim o f 

determ ining the role o f  IL-10 secreting T cells in the efficacy o f  the vaccine. This was 

determ ined by challenging Pw im munised w ild-type and IL-10''^‘ mice. The results 

dem onstrated that although IL-10 production was abolished and IFN-y not significantly 

different, the rate o f  bacterial clearance was alm ost identical in IL-IO'^' and wild-type mice, 

dem onstrating that IL-10 did not m odulate the induction o f adaptive T hl responses or 

adversely affect bacterial clearance in immune anim als. A lthough T hl responses were not 

affected by the presence or absence o f IL-10, an exam ination o f  IgA titres in the lung o f 

m ice im munised with the Pw dem onstrated that IL-10'^" m ice produce higher IgA titres 

com pared with wild type mice after challenge. This suggests a role for IL-10 in IgA 

production, but also suggests that IgA produced after bacterial challenge does not play a 

significant role in protection induced with Pw.

It has been assum ed that induction o f  Tr cells m ay be detrim ental to vaccine 

efficacy and that removal o f  Tr cells may improve efficacy especially o f  weak vaccines 

such as those against herpes virus or Listeria  (Kursar, Kohler et al. 2004; Toka, Suvas et al. 

2004). However, the current study dem onstrates that im m unization o f mice with Pw or Pa, 

both o f  which protect children against severe pertussis, and an experim ental pertussis 

vaccine form ulated with CpG -O D N , results in the generation o f  inducible T rl-ty p e  cells, 

which are not detrim ental to vaccine efficacy. The induction o f  T rl as well as T h l or Th2 

cells by TLR agonists and bacterial toxins respectively m ay reflect the natural protective 

im mune responses to these m olecules that help to protect the host from infection induced 

im m unopathology following exposure to the respective pathogens. Indeed enhanced 

im m unopathology in the lungs o f  TLR-4 defective mice has previously been dem onstrated 

due to a failure to induce antigen-specific T rl cells (Higgins, Lavelle et al. 2003). 

However, the sim ultaneous induction o f  T rl and Th2 cells with alum and chitosan suggests 

that induction o f regulatory and effector T cells may be a more general phenom enon, 

possibly as a natural control m echanism  to limit collateral dam age following the generation 

o f  adaptive immune responses.
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F ig u re  4.1. T L R  lig a n d s  s tim u la te  D C  to  p ro d u c e  p ro - a n d  a n ti- in flam m ato ry  

cy to k in es . DC (1 x 10  ̂ cells/ml) were stimulated with Pam3CSK4, Flagellin, Zymosan, 

Poly U, CpG-ODN, E. coli LPS (100 ng/ml- 10 M-g/ml) or medium alone for 24 hours. 

IL -lp , IL-12p70, IL-10 (A), IL-12p40, IL-6 and TN F-a (B) production was assessed in the 

supernatant by specific immunoassays. Results are mean (± S.E.) cytokine concentrations 

for triplicate wells. Results are representative of two experiments.
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F ig u re  4.2. H u m a n  p e rip h e ra l b lo o d  m o n o n u c le a r  cells sec re te  IL-10 an d  IF N -y  

in  re sp o n se  to  s tim u la tio n  by  T L R  lig a n d s . PBMC (1 x 10® cells/ml) were cultured 

in the presence of Pam3CSK4, Flagellin, Zymosan, CpG-ODN and E. coli LPS (0.625 

|ig/ml- 10 jJ-g/ml) for 24 hours. lL-10 production was assessed in the supernatant by 

specific immunoassays 24 (A) and 72 (B) hours after stimulation. IFN-y production was 

determined after 72 hours only (C). Results are mean (± S.E.) responses for triplicate 

cultures. Results are representative of one experiment.
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p-ERK l,2 ^  ^  ^  -

ERK1,2 mm

Figure  4.3. T L R  ligands induce E R K  phosphory lation  in DC, w hich  is inh ib ited  

by the specific E R K  inh ib ito r U0126. Murine DC (1 x 10  ̂ cells/ml) were pre-treated 

with the phospho-ERK (pERK) inhibitor (5 fiM) or medium only (-) for 1 hour followed 

by the addition of the TLR ligands, Pam3CSK4, Zymosan, LPS, Flagellin and CpG (1 or 5 

|j.g/ml) or medium as control. ERK phosphorylation was detected 15 minutes after 

addition of TLR ligands by western blotting with anti-phospho-ERK mAb. Results are 

representative of two experiments.
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Figure 4.4. The phospho-ERK  specific inhibitor, U0126, inhibits CpG -ODN  

induced IL-10 from DC, while sim uhaneously enhancing IL-12p70 production.

DC (1 X 10^ cells/m l) were pre-incubated with U0126 (1.25-5 ^M ) for 1 hour before the 

addition o f CpG-OD N (5 M-g/ml). Untreated cells and cells cultured with DM SO 

(0.0002% ) were used as negative controls. 24 hours later, IL-12p70 and IL-10 

concentrations were assessed by ELISA.
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F ig u re  4.5. B ac te ria l to x in s  m o d u la te  T L R  lig a n d -in d u c e d  cy tok ine  p ro d u c tio n  

fro m  D C . DC were pretreated with CyaA (1 |ig/ml), CT (1 |a.g/ml) or chitosan (10 |J.g/ml) 

before the addition o f either CpG-ODN (0.1-10 |ig/ml) (A) or LPS (0.2-5 ng/ml) (B). 

After 24 hours, 1L-I2p70, lL-10, TN F-a, IL-6, IL -ip  and 1L-I2p40 production was 

assessed in supernatants by ELISA. Results are mean (± S.E.) responses for triplicate 

cultures. Results are representative of two experiments.
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F ig u re  4.6. A lum  m o d u la te s  T L R  lig a n d -in d u c e d  cy tok ine  p ro d u c tio n  from  D C . 

DC were pre-treated with alum (0.004-0.05%) or medium alone (0) before the addition of 

either CpG-ODN (0.1-10 ^g/ml) (A) or LPS (0.2-5 ng/ml) (B). After 24 hours 1L-I2p70, 

IL-10, TN F-a, lL-6, IL -ip  and 1L-I2p40 production was assessed in supernatants by 

ELISA. Results are representative o f one experiment.
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F igu re  4.7. A  w ho le  ce ll pertussis vaccine and T L R  ligands induces p ro - and 

a n ti- in fla m m a to ry  cy tok ine  p ro d u c tio n  fro m  D C . Murine bone marrow derived 

immature DC were stimulated with Poly 1:C (5 |ag/ml) Pam3CSK4 (10 |J.g/ml), LPS (10 

|ig/m l) CpG-ODN (5 |ig/m l) or Pw (0.02 human dose/ml) for 24 hours. IL-12p70, IL-10, 

TNF-a, IL - Ip , IL-6 and 1L-I2p40 production was assessed in the supernatant by ELISA. 

Results are mean (± S.E.) responses for triplicate cultures. Results are representative o f 

three experiments.
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F ig u re  4.8. T L R  lig a n d s  s tim u la te  D C  m a tu ra tio n . Murine bone marrow derived 

immature DC were stimulated with Pam3CSK4, Flagellin, Zymosan, Poly U, CpG-ODN 

or E. coli LPS (10 |ig/ml), Pw or Pa (0.02 human dose/ml). After 24 hours, CD40, CD80, 

CD86, MHC II, ICAM-1 and CCR5 expression were analysed using specific antibodies. 

Immunofluorescence analysis was determined by flow cytometry. Results are 

histographical representations of untreated cells (blue) overlaid with TLR ligand treated 

cells (green). Isotype controls for each antibody are shown (pink).
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F igu re  4.9. T L R  ligands enhance p ro life ra tive  T  ce ll responses to  a bystander 

an tigen. Mice were immunised via footpad with KLH (5 (^g/ml) alone or in the presence 

o f Pam3CSK4 (10 |ig/m l), flagellin (5 |ig/m l), CpG-ODN (25 M-g/ml) or LPS (10 M-g/ml). 

After 7 days popliteal lymph nodes were removed and cells were stimulated in vitro with 

KLH  (2-50 |j,g/ml). Stimulation with medium only or PMA and anti-CD3 were used as 

positive and negative controls respectively. A fter 4 days proliferative responses were 

assessed by [^H]-thymidine incorporation for 6 hours. Results are mean (± S.E.) responses 

from 5 mice per experimental group tested individually in triplicate. Results are 

representative o f two experiments.
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Figure 4.10. T L R  ligands p rom ote the indu c tio n  o f T h l  and  T r l  cells to 

bystander an tigens w hen used  as adjuvants in vivo. Mice were immunised via 

footpad as described in figure 4.9. Popliteal lymph node cells prepared 7 days after 

immunisation, were stimulated in vitro with KLH (2-50 M-g/ml). After 3 days, lL-4, lL-5, 

IL-10 and IFN-y concentrations were measured in supernatants by specific immunoassays. 

Results are mean (± S.E.) responses from 5 mice per experimental group tested 

individually in triplicate. Results are representative of two experiments.
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F igure  4.11. T L R  ligands p rom ote  the  in d u c tio n  o f T  ceils th a t secrete  IF N -y  or IL-10. Mice were immunised subcutaneously with PBS, 

KLH alone or in the presence of Pam3CSK4, Flagellin, CpG or LPS. After 7 days, lymph node cells were isolated and restimulated ex vivo with KLH 

for 24 hours. Cells were labelled with specific antibodies for surface CD4 and for intracellular IFN-y and IL-10. Immunofluorescence analysis was 

determined using a FACS Caliber. The numbers in each quadrant represent the % positive cells and the geometric mean fluorescent intensity (MFI) in 

parentheses for IFN-y and IL-10 secreting cells.
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Figure 4.12. T L R  ligands enhance antigen-specific antibody p roduction  to a 

bystander an tigen  w hen  used  as adjuvants in vivo. Mice were immunised as 

described in figure 4.9. After 7 days, serum from immunised mice was analysed for the 

presence of KLH-specific IgG by ELISA. Results are mean (± S.E.) titres from 5 mice per 

experimental group, tested individually. Results are representative of two experiments.
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Figure 4.13. Antigen-specific  T  cell pro liferative responses induced w ith  T h l  or 

Th2 p rom oting  adjuvants. Mice were immunised subcutaneously in the footpad with 

PBS, KLH (5 )o,g) alone or in the presence o f CFA (50%), chitosan (25 |j,g), CT (10 ng), 

poly I:C (25 fj,g), Pw (0.2 human dose) alum (2%). Spleen (A) and popliteal node (B) 

cells, prepared 7 days after immunisation, were stimulated in vitro with KLH (2-50 fo,g/ml). 

Responses to medium and PMA and anti-CD3 represent negative and positive controls, 

respectively. Proliferative responses were assessed by [^H]-thymidine incorporation on 

day 4. Results are mean (± S.E.) responses from 5 mice per experimental group tested 

individually in triplicate. Results are representative o f two experiments
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F ig u re  4.14. Im m u n is a tio n  w ith  K L H  in  th e  p re se n c e  o f  T h l -  a n d  T h 2 - 

p ro m o tin g  ad ju v a n ts  a lso  in d u ce  th e  in d u c tio n  o f T r l  cells. Mice were immunised 

subcutaneously in the footpad as described in figure 4.13. Antigen specific IL-4, IL-5, 

IL-10 and IFN-y production by spleen (A) and popliteal lymph node (B) cells were 

assessed 7 days after immunisation. Results are mean (± S.E.) responses from 5 mice per 

experimental group tested individually in triplicate. Results are representative o f two 

experiments.
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7ZZZZZZZ2r̂

: z 3-i

m
V7U

H 3̂

22-1

I D -

irmH
V777\-,

hO
S

>

IL-10 (pg/ml) IFN-y (ng/ml)

O o

(Q

Y//2/?//7//7//77^

TZZZZZZZZZZZIZZZZZZZZZZr

TZZZZZZZZZZZZZZIZZi -



IL-
4 

(p
g/

m
l) 

IL-
5 

(p
g/

m
l) 

IL-
10

 
(p

g/
m

l) 
IF

N-
y 

(n
g/

m
l)

10.0n I I Medium 
H  2 iiglm\ KLH 
B  10 ^g/ml KLH 

50 ng/ml KLH
7.5-

5.0-

2.5-

0.0

5000-

1000 T

500-

400-1

300-

200

100 -

n

500 n

400-

300-

200 -

100 -

.O

145



125 □  Th1 
^ T h 1 + T r  3:1 

Th1+Tr 1:1 
H T h 1 + T r  1:3

^  100

ThIrTr Thi Tr

F ig u re  4.15. T L R  l ig a n d s  p ro m o te  th e  in d u c t io n  o f  re g u la to ry  T  ce lls  w ith  

s u p p re s s o r  fu n c tio n s . A T h l cell line that secreted high concentrations o f  IFN-y and 

low or no lL-4 and IL-10 was established from m ice im munized with KLH and CpG-ODN 

by culturing T cells in the presence o f IL-12 and anti-IL-10. A T rl-ty p e  cell line, that 

secreted IL-10 and low or no IFN-y or IL-4 was established by initial culture in the 

presence o f anti-IFN-y and recom binant m urine IL-10. A mixed IFN-y and IL-10 secreting 

T cell line (termed T h lr)  was established by culturing with antigen and APC w ithout the 

addition o f  cytokines or antibodies. The T h l cell line was culture with APC and antigen 

alone or in the presence o f T rl or T hl Tr cells at ratio o f 1:3. 1:1 or 3:1. Supernatants 

were removed after 3 days and the concentration o f IFN-y was tested by ELISA. Results 

are expressed relative to the response o f  the T h l cell alone.
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F ig u re  4.16. T h l  p ro m o tin g  ad ju v a n ts  p refe ren tia lly  e n h a n c e  IgG 2a  a n d  T h 2  

p ro m o tin g  a d ju v an ts  p refe ren tia lly  e n h a n c e  Ig G l  re sp o n se s . Mice were 

immunised subcutaneously via the footpad as described in figure 4.13. Serum was 

collected 7 days after immunisation and KLH-specific IgG, IgGl and lgG2a titres were 

determined by ELISA. Results are the mean (± S.E.) endpoint titres for 5 mice per 

experimental group and are representative o f two experiments.
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Figure 4.17. Cytokine profiles o f KLH -specific T cell lines from m ice  

im m unised with KLH in the presence or absence o f CyaA, CT or CpG -O DN.

KLH -specific CD4"^ T cell lines were established from spleen (S) or lymph node (N) o f 

mice im munised s.c. with KLH (5 |ig) alone or in the presence o f  CyaA (I fo.g), CT (100 

ng) or CpG -OD N (25 fig). T cell lines were stimulated with KLH (5 fxg/ml) and APC and 

supernatant was analysed for lL-4, IL-5, IL-10 and IFN-y by ELISA.
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Figure 4.18. Role o f regulator cytokines in  po la riz ing  T  cell responses to T L R  

agonists, bacteria l toxins and Pw vaccine. KLH-specific CD4^ T cell lines were 

established from mice immunised s.c. with KLH (5 |j.g) in the presence o f CT (100 ng) or 

CpG-ODN (25 Jig) or B. /7erto5/5-specific T cells were established from mice immunised 

with Pw (0.2 human dose). ICLH- or B. pertussis-specific T cell lines were stimulated with 

APC and KLH (5 fxg/ml) or B. pertussis sonicate (10 |ig/ml) respectively, alone or in the 

presence o f neutralising antibodies specific for IFN-y, lL-10 or IL-4 (10 |ag/ml). 

Supernatant was analysed for lL-4, lL-5, lL-10 and IFN-y by ELISA. Results are mean (± 

S.E.) triplicate cultures for individual spleen (A) and single wells for lymph node (B) T 

cell lines established from mice immunised with CpG-ODN+KLH, CT+KLH or Pw 

immunised mice.
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F ig u re  4.19. Im m u n isa tio n  w ith  a w ho le  cell (Pw ) or ace llu la r  (Pa) p e rtu ss is  

v a c c in e  p ro m o te s  th e  in d u c tio n  o f  IL-10 se c re tin g  T  cells as w ell as T h l  o r T h 2  

cells respec tive ly . Mice were immunised i.p. at 0 and 4 weeks with Pw (0.2 human 

dose) or Pa (0.2 human dose) in the presence or absence o f CpG-ODN (25 |o,g/ml) or with 

PBS only as a control. Immune responses were tested at week 6. Spleen cells were 

stimulated in vitro with B. pertussis sonicate (5 fJ-g/mi), B. pertussis proteins (10 |ag/ml) or 

medium alone. Supernatants were removed after 3 days and IL-4, IL-5, lL-10 and IFN-y 

concentrations were measured by ELISA. Results are mean (± S.E.) responses from 5 

mice per experimental group tested individually in triplicate.
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Figure 4.20. T  cell responses from  m ice im m un ised  w ith  acellular or w hole cell 

pertussis  vaccines p roduce  different cytokines in  response  to different 

com ponen ts  o f B. pertussis. Mice were immunised subcutaneously witii either the Pa 

vaccine (0.2 human dose) alone or in the presence of CpG-ODN (25|j,g) or the Pw vaccine 

(0.2 human dose) or PBS as control. 7 days post immunisation, spleen cells (2 x 10^/ml) 

were stimulated in vitro with B. pertussis sonicate (BP) (2 |ig/ml) or heat-inactivated 

pertussis toxin (PT) (2 |jg/ml). Supernatants were collected 4 days later and assayed for 

IL-4, lL-5, lL-10 and IFN-y by specific immunoassays. Results are the mean (± S.E.) 

responses from 5 mice per experimental group.
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F ig u re  4.21. C p G -O D N  e n h a n c e s  T h l  an d  red u c e s  T h 2 -ty p e  resp o n se s  in d u c e d  

w ith  an  acellu la r p e rtu s s is  vaccin e . Mice were immunised i.p. at 0 and 4 weeks with 

Pa (0.2 human dose) with or without alum (0.66%) in the presence or absence o f CpG- 

ODN (25 |ag) or PBS only as a control. 2 weeks after the last immunisation, spleen cells 

were stimulated in vitro with FHA (2 |J.g/ml), PT (2 ^.g/ml), B. pertussis sonicate (5 |J.g/ml) 

or B. pertussis proteins (10 |^g/ml) for 3 days. IL-4, IL-5, lL-10 and IFN-y concentrations 

in cell supernatants were determined by ELISA. Results are mean (± S.E.) responses from 

5 mice per experimental group tested individually in triplicate and are representative of 

two experiments.
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F ig u re  4.22. R o le  o f  IF N -y  in  th e  g e n e ra t io n  o f  T  ce ll r e s p o n s e s  to  p e r tu s s is  

v a c c in e s . B. pertussis-specific  CD4^ T cell lines were established from m ice immunised 

i.p. with Pw (0.2 hum an dose) or Pa (0.2 hum an dose) in the presence or absence o f  CpG- 

ODN (25 |ig), alum  (0.66% ) or CpG -OD N and alum. B. pertussis-specific  T cell lines 

were stimulated with APC and B. pertussis  sonicate (10 |ag/ml), alone or in the presence o f 

IFN-y -specific neutralising antibodies (10 |J.g/ml). A fter 72 hours, supernatant was 

analysed for IL-4, IL-5, lL-10 and IFN-y by ELISA. Results are mean (± S.E.) triplicate 

cultures for individual T cell lines established from spleen cells o f  immunised mice.
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F ig u re  4.23. C p G -O D N  e n h a n c e s  an tib o d y  re sp o n se s  in d u c e d  w ith  an  acellu lar 

p e rtu s s is  v acc in e . Mice were immunised i.p. at 0 and 4 weeks with PBS, Pw (0.2 human 

dose) or Pa (0.2 human dose) in the presence or absence o f CpG-ODN (25 |i,g). Anti-5. 

pertussis total IgG, IgGI and IgG2a titres were determined by ELISA from serum 

recovered 2 weeks after the last immunisation. Results are mean (± S.E.) endpoint titres 

for 5 mice per experimental group. *** P  <0.001 versus mice immunised with Pw only.
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Figure 4.24. C pG -O D N  enhances the protective efficacy o f a pertussis acellular 

vaccine in  a m urine respiratory challenge model. Mice were immunised i.p. at 0 

and 4 weeks with the Pa vaccine (0.05 human dose) in the presence or absence o f CpG- 

ODN (25 |j,g) or with PBS as control. Mice were aerosol challenged with live B. pertussis 

2 weeks after the last immunisation. At days 0, 3, 7, 14 and 21 after challenge, lungs were 

removed and homogenised and bacterial load estimated by performing colony counts on 

BG plates. Results are mean (± S.E.) CPU per lung for 5 mice per experimental group, 

tested individually in triplicate. * * *  P <0.001 versus Pa vaccine alone.
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Figure 4.25. C pG -O D N  and Pa bu t no t C pG -O D N  alone p ro tects m ice against 

challenge w ith  B. pertussis. Mice were immunised i.p. at 0 and 4 weeks with the Pa 

vaccine (0.2 human dose) in the presence or absence of CpG-ODN (25 fig), with CpG- 

ODN (25 fig) alone or PBS as control. Mice were aerosol challenged with live B. pertussis 

2 weeks after the last immunisation. Lungs were homogenised and CFU determined on 

Bordet-Gengou agar plates at days 0, 3, 7, 10 and 14 after challenge. Results are mean (± 

S.E.) colony numbers in the lung from 5 mice per experimental group tested individually in 

triplicate. * P <0.05, ** P <0.01 versus Pa vaccine alone.
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Figure 4.26. IgA  titres in  the lung  follow ing challenge w ith  B. pertussis in  m ice 

im m un ised  w ith  PBS, Pa vaccine an d  Pa vaccine w ith  C pG -O D N . Mice were 

immunised i.p. at weeks 0 and 4 with the Pa alone or with CpG-ODN or with PBS as a 

control. Lungs were harvested on the day of challenge or 3, 7, 14 and 21 days post 

challenge. IgA titres were determined in lung homogenates by ELISA. Results are mean 

(± S.E.) titres from 4 mice per experimental group. Results are representative of two 

experiments.
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Figure 4.27. Efficacy o f the Pw vaccine is m ainta ined in  the absence o f IL-10. 

C57BL/6 and IL-10'^' mice were immunised I.p. at 0 and 4 weeks with the Pw vaccine (0.2 

human dose). Mice were aerosol challenged with B. pertussis 2 weeks after the last 

immunisation. Lungs were removed on days 0, 5 and 10, homogenised and CFU counts 

performed. Results are mean (± S.E.) CFU per lung from 4 mice per experimental group 

tested individually in triplicate. Results are representative o f one experiment.
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F ig u re  4.28. E n h a n c e d  B. pertussis-specific  T  cell p ro life ra tio n  in  IL-IQ / ' m ice  

im m u n is e d  w ith  Pw  vaccin e . C57BL/6 and IL-10’ " mice were immunised i.p. at 0 and 

4 weeks with the Pw vaccine (0.2 human dose). 2 weeks after the last immunisation spleen 

cells were stimulated in vitro with FHA (2 |o.g/ml), heat-inactivated PT (2 |ig/ml), B. 

pertussis sonicate (5 M̂ g/ml) and B. pertussis proteins (10 |J.g/ml). Responses to medium 

and PMA and anti-CD3 represent negative and positive controls, respectively. 

Proliferative responses were assessed after 4 days by [^H]-thymidine incorporation. 

Results are mean (± S.E.) responses from 4 mice per experimental group tested 

individually in triplicate. *** P <0.001 versus C57BL/6 response.
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F ig u re  4.29. S p leen  cells from  IL -10 '/' m ice  im m u n is e d  w ith  a Pw  vaccine  

p ro d u c e  s im ila r c o n c e n tra tio n s  o f  IF N -y , IL -4 a n d  IL -5 c o m p a re d  w ith  

C 5 7 B L /6  w ild -ty p e  m ice . C57BL/6 and IL-IO' " mice were immunised i.p. at 0 and 4 

weeics with the Pw vaccine (0.2 human dose). 2 weeks after the last immunisation spleen 

cells were stimulated in vitro with FHA (2 p.g/ml), PT (2 |ig/ml), B. pertussis sonicate 

(5 |J.g/ml) or B. pertussis proteins (10 fo.g/ml). After 3 days, cell supernatants were 

removed and assayed for IL-4, IL-5, IL-10 and IFN-y by ELISA. Results are mean (± 

S.E.) responses from 4 mice per experimental group tested individually in triplicate.
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F ig u re  4.30. S erum  a n tib o d y  titre s  fo llow ing  im m u n isa tio n  w ith  Pw  in  C 5 7 B L /6 

a n d  IL-10-/ - m ice. Mice were immunised i.p. at weeks 0 and 4 with the whole cell 

pertussis vaccine, Pw. Serum collected 2 weeks after the last immunisation was tested for 

B. perto iw -specific  IgG, IgGl and lgG2a by ELISA. Results are mean (± S.E.) titres 

from 4 mice per experimental group.
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Figure 4.31. E n h an ced  B. pertussis-specific  IgA  responses after B. pertussis 

challenge  in  IL-10 /- m ice im m un ised  w ith  Pw. C57BL/6 and IL-10'^' mice were 

immunised i.p. at 0 and 4 weeks with the Pw vaccine (0.2 human dose). Mice were aerosol 

challenged with B. pertussis 2 weeks after the last immunisation. Lungs were harvested at 

the time of challenge and 5 and 10 days after challenge. Lung homogenates were tested 

for B. /?eA*/'M55M-specific IgA by ELISA. Results are representative of one experiment.
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Chapter 5

The im m unom odulatory properties of ASlOl



5.1 Introduction

Ammonium trichloro(dioxyethylene-0,0’)tellurate (Fig. 5.1), or A SlO l, is an 

immunomodulatory agent developed in the late 1980s, which has been shown to exert a 

variety o f biological effects on many cell types, yet displaying minimal toxicity. The 

immunomodulatory effects include enhancement o f T cell proliferative responses and 

induction o f cytokine production by DCs and macrophages.

r ^  “

-CH2
CbTe

O

Figure 5.1.1. The chemical structure o f ASlOl

Preliminary studies demonstrated that ASlOl can induce IL-2 production and 

proliferation in human lymphocytes in vitro and had the ability to enhance the expression 

of lL-2 and its receptor, together with colony stimulating factor (CSF) from murine spleen 

cells (Sredni, Caspi et al. 1987). It has also been found to synergise with PMA in the 

production of lL-2 and CSF from human and mouse lymphocytes, a process which is 

inhibited by agents that suppress Ca^^ channel regulation, such as EGTA, nifedipine and 

cyclosporin A (Sredni, Kalechman et al. 1990). In vivo, AS 101 has been shown to be 

effective in the treatment of immunodeficiency conditions, such as HIV infection, by 

suppressing HIV-1 virus replication and inhibiting catalytic functions associated with viral 

reverse transcriptase. In addition, systemic administration o f ASlOl was found to have 

anti-tumour effects in vivo and this was attributed to its immunomodulatory properties 

(Sredni, Caspi et al. 1988; Vonsover, Loya et al. 1992). Treatment with AS 101, either by 

oral, interperitoneal or intravenous administration, was also found to protect against the 

effects of ionising radiation in both humans and mice (Sredni, Albeck et al. 1992). The 

mechanism for this protection is thought to be associated with its ability to induce IL-1 

secretion from spleen and peritoneal exudate cells (Kalechman, Albeck et al. 1990). 

Blocking studies with neutralising antibodies against IL-1, IL-6 and TN F-a completely 

abrogated the ability o f ASlOl to increase the survival o f lethally irradiated mice.
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demonstrating a role for AS 101-induced cytokine production as the main factor conferring 

protection (Kalechman, Zuloff et al. 1995). Further studies demonstrated that in addition 

to cytokine production, the protective properties o f AS 101 were also attributable its ability 

to stimulate progenitor cell entry into S phase o f the cell cycle, a state considered more 

resistant to radiation (Kalechman, Gafter et al. 1993). In addition, AS 101 promotes DNA 

repair by increasing DNA polymerase activity in spleen cells, which, along with cytokine 

production and proliferation, encourages self-renewal (Kalechman, Shani et al. 1993). The 

protective effects o f AS 101 against DNA-damaging agents, together with its ability to 

induce cytokine production, proliferation and differentiation of haematopoietic progenitor 

cells from spleen and bone marrow, suggest that this molecule could be beneficial in 

counteracting the side effects of chemotherapeutic treatments (Kalechman, Albeck et al. 

1991; Guigon, Lemoine et al. 1994; Guest and Uetrecht 2001).

In addition to enhancing responses to cancer and HIV therapies, ASlOl was also 

found to be capable of modulating co-stimulatory molecule expression and cytokine 

production by murine macrophages. Studies using murine macrophages in vitro, 

demonstrated that ASlOl enhanced CD80, but not CD86, expression and inhibited IL-10 

production (Kalechman and Sredni 1996). In vivo studies in tumour bearing mice 

demonstrated that treatment with ASlOl increased IFN-y and reduced IL-4 production 

from T cells. The selective enhancement of Thl type responses was attributed to the 

increase in CD80 expression on macrophages (Kalechman and Sredni 1996; Sredni, 

T ich le re ta l. 1996). Further evidence o f the enhancement o f Thl responses by ASlOl was 

demonstrated in mice heavily infected with Babesia rodhaini. This intraerythrocytic 

parasite generates a polarised Th2 response, characterised by the production o f IL-4 and 

IL-IO. Pre-treatment of mice with ASlOl prior to infection led to a significant decrease in 

the Th2 response with a concomitant enhancement o f IFN-y producing Thl cells. ASlOl 

also reversed the suppressive effect of B. rodhaini on IL-2 and IL-12 production, while 

inhibiting TGF-P production (Rosenblatt-Bin, Kalechman et al. 1998). Analysis o f the 

effects of ASlOl on LPS-stimulated human and murine mononuclear phagocytic cells, 

revealed that ASlO l enhanced LPS-induced TN F-a and IL - la  and inhibited IL-10 mRNA 

(Strassmann, Kambayashi et al. 1997). The consistent inhibition o f IL-10 by ASlOl has 

led to other potential uses for this immunomodulator. In septic shock models, pre

treatment with ASlOl 12 hours before cecal ligation and puncture significantly increased 

the survival o f mice. Protection was attributed to the inhibition o f IL-10, as administration 

of recombinant IL-10 abolished any protective effect conferred by AS 101 (Kalechman, 

Gafter et al. 2002).
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AS 101 has also been shown to have protective effects in Parkinson’s disease and 

lupus erythem atosus (Kalechm an, G after et al. 1997; M akarovsky, K alechm an et al. 2003). 

In neurodegenerative diseases, like Parkinson’s disease, anti-apoptotic and neurotrophic 

agents function to prevent cell death and/or restore neural function. U sing the PC 12 cell 

line as a neural model, AS 101 was found to induce neurite outgrow ths and neural 

differentiation and to enhance survival o f  cells by activating the ras-E R K l/2  and ras-P13K 

signal transduction pathways (M akarovsky, K alechm an et al. 2003). A cting in synergy 

with Paclitaxel, A S lO l activates c-raf-1 and the M AP kinases, ERK-1 and ERK-2 and 

induces phosphorylation o f  the anti-apoptotic protein, Bcl-2. This results in the 

inactivation o f  Bcl-2, and is ras-, raf-, and M APK -dependent (K alechm an, Longo et al. 

2000). In the sam e model, A S lO l was found to increase Fas, but not FasL, expression on 

8 1 6  cells, w hich in turn leads to spontaneous apoptosis triggered by the Fas/FasL system 

(Kalechm an, Strassm ann et al. 1998).

CpG DNA and LPS are tw o pathogen-associated m olecular patterns that bind to 

TLR-9 and TLR-4 respectively. Stim ulation o f innate immune cells, especially DC, with 

these TLR ligands results in the production o f various cytokines such as T N F -a , lL-6 and 

IL-12p70 as well as IL-10. In turn, CpG as well as LPS, prom ote the induction o f  Thl 

biased adaptive immune responses characterised by the production o f  IFN-y. Because TLR 

ligands activate innate immune responses leading to the induction o f  T h l responses, and 

ASlO l has been shown to enhance IFN-y and T h l responses, while inhibiting IL-10 

production, we investigated the effects o f  A SlO l on DCs activated with LPS and CpG. 

The effect o f  A SlO l on the innate immune system was assessed by its ability to stimulate 

DC m aturation and cytokine production, and for its adjuvant activity either alone using a 

model antigen KLH, or together with the T h l-an d  Th2- prom oting adjuvants CpG and CT 

respectively.
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5.2 Results

5.2.1 ASlOl enhances pro-inflammatory and inhibits anti-inflammatory 

cytokine production from C pG -O D N  stim ulated DC.

To determ ine w hether A SlO l could induce cytokine production from innate 

im m une cells, bone m arrow derived dendritic cells (BM DC) were stim ulated with A S lO l, 

CpG -O D N  or a com bination o f  both over a wide range o f  concentrations. Supernatants 

were rem oved from stim ulated cells after 24 hours and analysed for the presence o f  pro- 

and anti-inflam m atory cytokines. Follow ing incubation w ith increasing concentrations o f 

C pG -O D N , DCs produced increasing levels o f  IL-10. C o-incubation w ith A SlO l 

suppressed CpG-O D N -induced IL-IO production, with the greatest suppression observed 

with the highest concentration o f A S lO l. Concom itantly, A S lO l enhanced C pG-O D N - 

induced IL-12p70 production from DCs in a dose dependent m anner (Fig. 5.1). In 

addition, C pG -O D N -induced T N F -a  production was enhanced with A S lO l, but to a lesser 

extent than that observed for IL-12p70. A SlO l was also found to enhance endogenous, but 

not CpG -O D N  induced, IL-12p40 and M IP -ip . Furtherm ore, IL-6 and M IP -ip  production 

was enhanced at the lowest CpG-ODN concentration (Fig. 5.2). DCs stim ulated with 

m edium  alone display negligible or no cytokine production.

5.2.2 ASlOl enhances C pG -O D N -induced surface marker expression on DCs.

A SlO l has previously been shown to enhance CD80 expression on m acrophages, 

which is thought to be a factor in its ability to prom ote the induction o f  T h l responses 

(K alechm an and Sredni 1996; Sredni, T ichler et al. 1996). This study exam ined the effect 

o f  A S lO l on DC co-stim ulatory m olecule expression. Since A SlO l inhibits IL-10 

production, we examined its m odulatory effects on DC from IL-10'^' and w ild type mice. 

DCs w ere stim ulated for 24 hours with A S lO l, CpG-ODN or a com bination o f  CpG-OD N 

and A S lO l and CD40, CD86, CD80, CCR5, ICAM-1 and M HC II expression was 

analysed by FACS. LPS treated DCs were used as a positive control.

It is known that CD 40 expression by m acrophages induces IL-12-dependent and 

IFN-y-dependent immune responses (M athur, Awasthi et al. 2004). As A S lO l also 

enhances C pG -O D N -induced 1L-I2p70, CD40 expression was exam ined on DCs 

stim ulated with CpG-ODN in the presence or absence o f  A S lO l. Stim ulation o f  DC from 

C 57BL/6 m ice with both A S lO l and CpG-OD N enhance CD 40 expression, while 

stim ulation with either CpG -O D N  or A SlO l alone resulted in a m ore m odest up-regulation
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o f CD40. Stim ulation o f  DCs from IL-10'^' m ice with CpG-ODN and A SlO l also 

enhanced CD40 expression, but to a lesser extent than seen w ith DCs from w ild type m ice 

(Fig. 5.3C). A S lO l also enhanced CD80 expression on DCs from C 57BL/6 m ice and to a 

lesser extent on DC from IL-10‘̂ ‘ mice. However, CD86 expression was also elevated on 

both w ild type and IL-10"^' DCs. CD80 and CD86 expression was further increased when 

DCs w ere stim ulated with both CpG-O D N  and A SlO l (Figs. 5.3A and 5.3B).

The chem okine receptor and ligand for gp l2 0 , CCR5, is down regulated following 

m aturation o f  DC. CCR5 expression on C57BL/6 DC was reduced follow ing stim ulation 

with A S lO l and to a greater extent with CpG-ODN. A lthough A SlO l reduced CCR5 

expression on DC it partially reversed C pG -O D N -induced suppression o f CCR5. CCR5 

expression on IL-IO"'’ DCs was found to be very low on unstim ulated cells and little 

change was observed in the mean fluorescent intensity after stim ulation with either CpG- 

ODN and/or A SlO l (Fig. 5.3D). M odest increases in ICAM-1 expression were observed 

follow ing co-stim ulation with CpG-ODN and A S lO l, how ever this enhancem ent was 

greater on lL-10'^' DCs (Fig. 5.3E). M HC class II expression was further enhanced 

follow ing CpG-OD N and A SlO l stim ulation o f  IL-10'^' DCs. U nstim ulated wild type DCs 

expressed high levels o f  M HC class II, therefore significant differences in levels o f 

expression o f  class II m olecules after stim ulation were difficult to detect (Fig. 5.3F).

5.2.3 LPS and CpG stim ulated DCs from C 57BL/6 m ice display increased  

ERK phosphorylation in the presence o f ASlOl.

The m itogen-activated protein kinases, extracellular signal-regulated kinase (ER K l 

and ERK2) are activated in response to infectious agents and innate immune stimulators, 

such as CpG DNA and LPS. As a result, they are involved in the regulation and 

subsequent initiation and term ination o f  im mune responses. CpG DN A -m ediated ERK 

activation has been shown to be essential for the CpG D N A -induced IL-10 production (Yi, 

Yoon et al. 2002). As A SlO l is capable o f  suppressing CpG-OD N induced IL-10, 

therefore the effect o f A SlO l on ERK phosphorylation in DCs stimulated with CpG-OD N 

or LPS was examined. DCs from C57BL/6 and IL-10'^‘ m ice were pre-incubated with 

A SlO l in the presence or absence o f  the ERK inhibitor U0126 for 1 hour before 

stim ulation with CpG or LPS for a further 30 m inutes. ERK phosphorylation (pERK) was 

detected by running cell lysates on SDS PAGE gels and w estern blotting with specific 

antibodies. Probing with anti-pERK specific antibody revealed that A SlO l enhanced both 

LPS and CpG -O D N  induced ERK phosphorylation in C 57BL/6 DC, and this enhancem ent
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was com pletely abrogated in the presence o f  the ERK inhibitor (Fig. 5.4A). Interestingly, 

A SlO l inhibited LPS- induced ERK phosphorylation in DC from IL-10'^' m ice (Fig. 5.4B).

5.2.4 ASlOl enhances LPS induced p38 phosphorylation in DCs.

CpG DNA and LPS activate p38 in m onocytic cells and this activity has been found 

to be essential for the induction o f  both IL-10 and IL-12 expression (Yi, Y oon et al. 2002). 

As A SlO l was shown to enhance CpG-OD N induced IL-12p70 production from DCs, 

levels o f  p38 phosphorylation were investigated follow ing stim ulation w ith CpG-OD N or 

LPS in the presence or absence o f A S lO l. W ild type C57BL/6 and IL-IO"' '̂ DCs were pre

incubated w ith the phospho-specific p38 inhibitor SB203580 in the presence or absence o f 

A S lO l, prior to stim ulation with CpG-OD N or LPS. DCs lysates were then analysed for 

pp38 by w estern blotting. Both LPS and CpG-OD N induced p38 phosphorylation in 

C57BL/6 DC was m odestly enhanced in the presence o f A S lO l. This enhancem ent was 

suppressed in the presence o f  the p38 inhibitor (Fig. 5.5 A). LPS stim ulated IL-10'^' DCs 

display greater p38 phosphorylation than C57BL/6 DCs follow ing pre-incubation with 

A SlO l (Fig. 5.5B). A S lO l did not induce p38 phosphorylation itse lf  Total p38 was 

detected in equal quantities for each sample, dem onstrating equal loading in each lane o f 

the SDS gels.

5.2.5 Inhibition o f phospho-p38 (pp38) prevents ASlOl m ediated enhancem ent 

of CpG or LPS induced IL-12p70.

Having established that A S lO l enhances both C pG-OD N- and LPS- induced ERK 

and p38 phosphorylation, we sought to determ ine if inhibition o f these kinases influenced 

A SlO l enhanced cytokine production from DC. W ild type and IL-10'^' DC were incubated 

in the presence or absence o f either the pERK-specific inhibitor (U0126) or the pp38- 

specific inhibitor (SB203580) for 1 hour with or w ithout A S lO l. DC were then stimulated 

with either CpG -O D N  or LPS for a further 24 hours. A nalysis o f  cytokine production in 

supernatants from CpG-ODN or LPS stimulated C 57BL/6 DC dem onstrated that inhibition 

o f  both pERK and pp38, reduced or com pletely suppressed IL-IO production. A SlO l also 

com pletely suppressed both C pG -O D N -induced IL-10 production, as observed previously, 

as well as LPS-induced IL-10. However, the A S lO l-induced  enhancem ent o f IL-12p70 

production by CpG -O D N  or LPS was alm ost com pletely suppressed follow ing pp38, but 

not pERK, inhibition in wild type DC (Fig. 5.6A). Inhibition o f  AS 101-enhanced IL-
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12p70 was not observed in IL-10'^' DCs following incubation with the pp38 inhibitor (Fig. 

5.6B). IL -ip  production in response to CpG-ODN or LPS stimulation was suppressed 

following pre-incubation with both pERK and pp38 inhibitors and was not effected by 

ASlOl (Figs. 5.6A and 5.6B).

5.2.6 Pre-incubation with ASlOl of na'ive spleen cells increases synergy with 

CpG.

Using DC, it was established that ASlOl enhanced proinflammatory cytokine 

production following in vitro stimulation with Thl-inducing TLR ligands. To analyse the 

potential effects o f ASlOl on ex vivo cells, naive spleen cells were pre-incubated with 

ASlOl before the addition o f CpG-ODN. Analysis o f supernatants collected 24 hours after 

the addition o f CpG-ODN demonstrates that pre-incubation o f ASlOl for 6 hours was 

optimal for the enhancement o f IL-12p70 production and suppression of IL-IO production 

(Fig. 5.7C). This was compared to co-incubation o f CpG-ODN and ASlOl at the same 

time (Fig. 5.7A) or with a 1-hour pre-incubation o f ASlOl (Fig. 5.7B). Similarly, the 

highest levels o f TN F-a were produced after a 6-hour pre-incubation with A SlO l. IL-6 

production by spleen cells was not affected by ASlOl and remained similar regardless of 

pre-incubation time with A SlO l.

5.2.7 ASlOl enhances cytokine production in vivo.

The effect of ASlOl on cytokine production in vivo was examined by injecting 

mice with ASlOl in the presence or absence of CpG-ODN or LPS and detecting early 

systemic cytokine responses in serum. Mice were injected with CpG-ODN or LPS in the 

presence or absence o f ASlOl and sacrificed 3 hours later, at which time serum was 

collected for the analysis o f IL-12p40, IL-10 and TN F-a production. Enhanced serum 

concentrations o f TN F-a and IL-12p40 but not IL-10 were detected in serum 3 hours after 

injection o f LPS or CpG-ODN. ASlOl alone had no effect on cytokine production 

however, ASlOl enhanced both CpG-ODN and LPS induced TN F-a production (Fig. 5.8). 

Interestingly, ASlOl also enhanced IL-10 production in mice injected with CpG-ODN or 

LPS. Enhanced IL-12p40 production by AS 101 alone was not detected, perhaps due to the 

limits of the assay.
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5.2.8 ASlOl is capable of enhancing adjuvant induced T hl responses.

In order to determ ine if  the im m unom odulatory effects o f  AS 101 extended beyond 

the innate immune system, its effect on the adaptive immune response was exam ined by 

co-adm inistration with a foreign antigen, KLH, in the presence o f adjuvant, CpG-O D N  or 

CT. M ice were im munised intraperitoneally with KLH alone or with CpG -O D N  or C T in 

the presence or absence o f  AS 101. T cell cytokine production was determ ined 7 days after 

immunisation. Com pared with KLH alone, im m unisation w ith KLH and C T enhanced 

antigen-specific IFN-y, IL-10, IL-4 and IL-5 production. However, im m unisation with CT 

and KLH in the presence o f  AS 101 resulted in a more T h l biased response, and 

significantly increased IFN-y production. Interestingly, T h2 /T rl-type cytokine production 

was suppressed by AS 101, w ith marked decreases in CT induced- IL-4, IL-5 and IL-IO. 

Im m unisation with CpG-OD N did not induce responses above those achieved with KLH 

alone even in the presence o f  A SIO I. CpG-OD N is a strong T h l-  inducing adjuvant when 

given subcutaneously. However, imm.unisation by the i.p. route did not induce Thl 

responses at the dose adm inistered. Im m unisation with KLH and AS 101 also induced 

modestly enhanced IFN-y production over responses achieved with KLH alone (Fig. 5.9).

Antigen-specific proliferative responses were also m easured following 

im munisation with KLH and adjuvants in the presence or absence o f  AS 101. M ice 

immunised with KLH and CT produced the strongest T cell proliferation in response to 

KLH. The inclusion o f  A S lO l, however, decreased CT-induced proliferation in response 

to KLH. A SlO l and KLH did not induce proliferative responses above those obtained 

following im m unisation with KLH alone (Fig. 5.10).

5.2.9 ASlOl enhances KLH-specific antibody responses induced by CpG yet 

suppresses CT induced antibody responses.

As A SlO l has been shown to enhance adjuvant driven T h l responses, its effect on 

humoral immunity was investigated. Serum from im munised mice was tested for the 

presence o f  KLH specific antibodies. Im m unisation with CT and KLH resulted in 

significantly elevated IgG responses over those observed with KLH alone. A nalysis o f 

IgG subclasses dem onstrated that IgG l w as the dom inant subclass induced with CT and 

KLH com pared to im m unisation with KLH alone. However, addition o f  A S lO l reduced 

CT-induced anti-KLH antibody production, in particular the production o f  Ig G l. A lthough 

CpG-ODN failed to induce cytokine responses to KLH, m odest increases in antibody 

production, predom inantly IgG2a, were detected. In addition, A SlO l enhanced antibody
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responses by increasing CpG-ODN induced IgG2a, how ever im m unisation with A SlO l 

and KLH does not enhance K LH-specific IgG production (Fig. 5.11) over that observed 

with KLH alone. Therefore, while A SlO l does not have adjuvant activity, it can modulate 

the in vivo im m unom odulatory effects o f  other adjuvants in a qualitative and quantitative 

manner.
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5.3 Discussion

Cellular immune responses are important in the control o f intracellular pathogens 

and in anti-tumour immunity. Therefore, vaccines against infectious diseases and cancer 

must be capable o f inducing cell-mediated immunity. This requires the identification of 

adjuvant formulations capable o f selectively enhancing cell-mediated immunity, especially 

Thl type responses. TLR ligands such as CpG DNA and LPS can efficiently induce DC 

maturation and promote, as adjuvants, the induction o f potent Thl responses, characterised 

by high IFN-y production. Other candidate adjuvants under development including 

derivatives o f bacterial toxins, such as CT and adenylate cyclase toxin (CyaA) from B. 

pertussis, induce Th2 responses. In this study, it is shown that a synthetic 

immunomodulatory compound, AS 101, in combination with TLR ligands or bacterial 

toxins can selectively enhance innate and adaptive immune responses, skewing the 

response to the Thl subtype, thereby making it a potential useful immunomodulator for use 

in combination with other immunomodulators or adjuvants.

It has previously been demonstrated that TLR ligands can induce maturation and 

innate cytokine production from DC, which in turn directs the induction o f adaptive 

immune responses. Stimulation of DC with the TLR ligands, CpG or LPS promotes the 

induction of IL-12p70, IL-12p40 and TTMF-a but also IL-10. IL-12 promotes the induction 

o f Thl cells, while IL-10 is considered a regulatory cytokine for the induction o f Th2 or 

Treg cells. In this study, it was found that the addition of ASIOl dramatically enhances 

CpG and LPS induced IL-12p70 and TN F-a production by DCs, while simultaneously 

inhibiting IL-10 production in a dose dependent manner. Another important effect induced 

by ASIOl on the innate immune system was the synergistic enhancement o f CpG-ODN- 

induced maturation o f DC. Analysis o f co-stimulatory molecule expression demonstrated 

that ASIOl enhanced CpG-ODN-induced CD40 expression. Interaction o f CD40 on the 

DC with CD40L on T cells is important for IL-12 production and induction o f Thl cells, 

whereas down regulation o f CD40 is associated with the induction o f Treg cells 

(O'Sullivan and Thomas 2003; Lavelle, Jarnicki et al. 2004; Misra, Bayry et al. 2004). A 

similar but less dramatic enhancement was observed for CD86, ICAM-1 and MHC II 

expression. Since ASIOl can inhibit IL-10 production, it is possible that the observed 

effects on DC activation resulted from the reduction in the inhibitory effects o f IL-10, 

which has been shown to impair the antigen presenting properties o f DCs (Mocellin, 

Marincola et al. 2004). Therefore, its effects were examined in DCs generated from 

IL-IO'^' mice. Although unstimulated DC from IL-10'^' mice express lower levels o f all
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surface markers analysed compared with DC from wild-type mice, ASlOl maintained its 

ability to enhance CpG-ODN induced surface marker upregulation, by increasing CD80, 

CD86, ICAM-1, MHC II as well as CD40, to a greater extent than in C57BL/6 DCs. This 

suggests that the ability o f ASlOl to enhance IL-12 production is not as a result o f IL-IO 

suppression.

It has been suggested that expression o f CD40 signalling regulates the secretion of 

IL-12 and IL-IO (Mathur, Awasthi et al. 2004). An association was made between weak 

CD40 signals and ERK-dependent IL-IO expression and stronger CD40 signals and p38- 

dependent IL-12 production. This suggests that ASIOl may provide signals through p38 

phosphorylation due to the high levels o f CD40 expression as well as enhanced IL-12p70 

and TN F-a production observed following stimulation of DCs. This was confirmed by 

analysis of activated MAP kinases in DC lysates, as ASlOl enhanced p38 phosphorylation 

in DCs 30 minutes after stimulation with CpG-ODN or LPS. Further evidence for this was 

provided using the pp38 inhibitor SB203580. Although SB203580 appeared to only 

decrease p38 phosphorylation marginally when detected by western blotting, it completely 

suppressed AS 101-enhanced IL-I2p70 production by CpG-ODN or LPS stimulated wild 

type DCs. Interestingly, despite being associated with IL-IO signalling, ASlOl was also 

found to influence ERK phosphorylation. Western blotting revealed that C57BL/6 DC, but 

not IL-IO" DC stimulated with CpG-ODN or LPS, induced increased ERK 1,2 

phosphorylation. In IL-I0 ‘ DCs, the absence of IL-IO and the enhanced production of IL- 

12 might explain why ASlOl inhibits ERK phosphorylation following stimulation with 

LPS.

Early clinical trials with ASlOl in patients with advanced malignant disease and 

AIDS demonstrated that it induced TNF-a, IL-2 and IFN-y (Shani, Tichler et al. 1990; 

Kalechman, Barkai et al. 1991). The present study showed that ASlOl could enhance 

cellular and humoral immune responses including IFN-y and antigen-specific antibody 

production, when used in vivo as an immunomodulatory molecule with established 

adjuvants. Having established that ASlOl can enhance IL-I2p70 production from TLR 

ligand-stimulated DC, CpG-ODN- stimulated splenocytes were incubated with A SlO l. 

Significant increases in IL-12p70 and TN F-a production were observed along with a 

decrease in IL-IO production, that was optimal if splenocytes were pre-incubated with 

ASlOl for at least 6 hours prior to stimulation with CpG-ODN. ASlOl also enhanced 

proinflammatory cytokines in vivo as serum TN F-a concentrations were enhanced 3 hours 

following injection of mice with ASlOl and CpG-ODN or LPS. The in vivo effect of 

ASlOl on adaptive immune responses were tested by immunising mice with KLH and Thl
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(CpG) and Th2 (CT) promoting adjuvants. Although generally considered a Th2 inducing 

adjuvant, Holmgren et al. has found that CT can induce varying concentrations o f IFN-y 

along with Th2 related cytokines IL-4, IL-5 and IL-10 when administered mucosally 

(Holmgren, Czerkinsky et al. 2003). In this study, CT induced IFN-y as well as Th2 

related cytokines when administered by the i.p. route. However, immunisation o f mice 

with CT and KLH in the presence o f AS 101 demonstrated that AS 101 not only enhanced 

IFN-y production, but also inhibited Th2 responses, with suppressed IL-10, IL-5 and IL-4 

production. This demonstrates that ASlOl can skew adaptive immunity in favour o f T h l- 

type responses, a property that is favoured in the development o f vaccines that can induce 

strong protective cellular immune responses.

From the data, it is evident that although ASlOl has limited therapeutic potential as 

an adjuvant by itself, it can considerably increase TLR ligand responses from innate cells 

whilst having the capacity to influence the balance o f induced Thl and Th2 responses by 

increasing IFN-y production and inhibiting IL-4, IL-5 and IL-IO in vivo. Interestingly, 

ASlOl appears capable o f modulating responses induced by TLR ligands and bacterial 

toxins such, as CT, with the same outcome, i.e. ASlOl enhances 1L-I2p70 and inhibits 

IL-10 production from DC and enhances Thl like responses. In contrast IL-12p70 

production induced by CpG or LPS is inhibited by CT or CyaA suggesting that ASlOl 

activates innate cells by a different mechanism to bacterial toxins.

To consider ASlOl as a potential vaccine adjuvant, several other factors would 

have to be considered. The inhibition of IL-10 may seem beneficial in terms o f reducing 

Th2 responses but as a regulatory cytokine, this may introduce potential problems 

regarding immunopathology and autoimmunity. It was previously noted that the other 

regulatory cytokine, TGF-P, was also suppressed by the action o f ASlOl (Rosenblatt-Bin, 

Kalechman et al. 1998). If both o f these cytokines were suppressed or even eliminated, 

Thl responses could lead to damaging pathology in response to a vaccine without the 

presence o f regulatory cytokine mediators. However, this effect is likely to be transient 

and may not be a major problem.

Other than the suppression o f regulatory cytokines, the issue o f toxicity also needs 

to be investigated. Though generally considered safe and exhibiting minimal toxicity, 

some early studies suggested that, in repeated doses, high doses o f ASlOl could be 

damaging, where clinical studies in rats resulted in hind limb paresis and paraphimosis. 

The presence of a garlic odour was also evident which is a common phenomenon with 

tellurium-based compounds as the metal is released from the compound (Nyska, W aner et 

al. 1989). Organs were also found to have a greyish-blue discolouration. A similar
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phenomenon was observed in DCs incubated with AS 101 for 24 hours (Fig. 5.2) whereby 

cells exhibited a colour change from the release of the tellurium element yet remained 

viable.

Untreated Cells ASlOl stimulated ceils

Figure 5.3.1, ASlOl stimulation of DCs results in the release of the tellurium ion and 

a visible change in cell colour.

Results to date using ASlOl are promising particularly in the areas o f cancer and AIDS 

research. Its application as an immunomodulatory compound shows great potential due its 

Thl promoting abilities and enhancement of co-stimulatory molecule expression, and 

suggests ASlOl could drive stronger immune responses against otherwise poorly 

immunogenic vaccines. However, the development of a vaccine with ASlOl would 

require the addition o f other adjuvants and in this respect, it may be considered 

unnecessary particularly if the original adjuvant provides a sufficiently strong immune 

response. However, one of the main difficulties in vaccine production is the inability to 

initiate potent protective immunogenic responses to peptide antigens, which is where 

ASlOl could have significant clinical potential.
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Figure 5.1. ASlOl inh ib its  C pG -O D N -induced  IL-10 p roduction  w hile 

sim ultaneously  en h an c in g  IL-12p70 p roduction  from  bone m arrow -derived 

dendritic  cells. BMDC were incubated for 24 hours with increasing doses of CpG-ODN 

(0.1-1.6 (J.g/ml) or medium only (0) in the presence or absence of ASlOl (1.25-10 |ig/ml). 

IL-10 and 1L-I2p70 concentrations were quantified in cell supernatants by ELISA. Results 

are mean (± S.E.) responses tested in triplicate. Results are representative of two separate 

experiments.
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F igure  5.2. ASlOl induces IL-12p40, IL-6, M IP -ip  an d  T N F -a  p roduction  from  

D C and  enhances the  p roduction  o f these cytokines in  response to low 

concen tra tions o f C pG -O D N . BMDC were incubated for 24 hours with increasing 

concentrations of CpG-ODN (0.1-1.6 f^g/ml) or medium only (0) in the presence or 

absence of ASlOl (1.25-10 p.g/ml). IL-12p40, IL-6, M IP-ip and TNF-a concentrations 

were quantified in the cell supernatants by ELISA. Results are mean (± S.E.) for triplicate 

cultures. Results are representative of two separate experiments.
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F ig u re  5.3. ASlOl a n d  T L R  a g o n is ts  s tim u la te  co -s tim u la to ry  m o lecu le  

e x p re ss io n  o n  im m a tu re  D C , a n  effect w h ic h  is fu rth e r  e n h a n c e d  by  th e  a b se n c e  

o f  IL-10. BMDC were incubated for 18 hours with CpG-ODN (1 (ig/ml), ASlOl (10 

|a.g/ml), LPS (1 [ig/ml) or ASlOl and CpG-ODN. Cells were stained for CD80 (A), CD86 

(B), CD40 (C), CCR5 (D), lCAM-1 (E) and MHC class II (F) with fluorescently labelled 

antibodies specific for each surface marker. Fluorescent intensity was then determined 

using a flow cytometer. Results show the profiles for untreated cells (blue), treated cells 

(green line) and isotype control (pink line) antibodies. Histogram statistics are given as the 

geometric mean fluorescent intensity o f the untreated cells compared to ASlOl ,  CpG- 

ODN, ASlOl+CpG-ODN or LPS treated cells.
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CpG+ LPS+
PBS CpG LPS ASlOl ASlOl ASlOl

U 0126^ + +

pERK 1,2

Total ERK

B
pERK 1,2

Total ERK

F ig u re  5.4. In flu e n ce  o f  ASlOl on  L PS  or C p G -O D N  in d u c e d  E R K  

p h o sp h o ry la tio n . BMDC (1 x 10^/ml) from wild type (A) and IL-IO'" (B) mice were 

pre-treated with the pERK specific inhibitor U0126 (5 |j,M) for 1 hour in the presence or 

absence o f ASlOl (10 |ig/ml) before the addition o f either LPS (1 fxg/ml) or CpG-ODN (5 

|xg/ml) for 30 minutes. Cells treated with PBS in the presence or absence or the inhibitors 

were used as a control. Cell lysates were run on 12% SDS-PAGE gels. Phosphorylated 

and total ERK were then detected by western blotting.
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F ig u re  5.5. ASlOl e n h a n c e s  L PS  in d u c e d  p38 p h o sp h o ry la tio n  in  D C s from  

C 5 7 B L /6  a n d  IL-10 /- m ice . BMDC (1 x 10®/ml) from wild type (A) and lL-10'^' (B) 

mice were pre-treated with the pp38 specific inhibitor, SB203580 (10 |iM ) for 1 hour in 

the presence or absence of ASlOl (10 |ig/ml), before the addition of either CpG-ODN (5 

|j,g/ml) or LPS (1 |j.g/ml) for 30 minutes. Cells treated with PBS in the presence or absence 

o f the inhibitor were used as a control. Cell lysates were run on 12% SDS-PAGE gels. 

Phosphorylated and total p38 were then detected by western blotting.
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Figure 5.6. In h ib it io n  o f p38 phosphorylation prevents ASlOl m ediated 

enhancement o f T L R  ligand induced IL-12p70. BMDC (1 x 10^/ml) from wild type 

(A) and IL-IO'^'(B) mice were pre-treated with either the pERK specific inhibitor U0126 (5 

fiM ) or the pp38 inhibitor SB203580 (10 |o,M) for 1 hour in the presence or absence of 

ASlOl (10 jag/ml) before the addition o f either LPS (1 fig/ml) or CpG-ODN (5 ^ig/ml) for 

24 hours. Untreated cells incubated in the presence or absence or the inhibitors were used 

as a control. Results are the mean IL -lp , lL-10 and 1L-I2p70 concentrations determined in 

cell culture supernatants.
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F ig u re  5.7. P re -tre a tm e n t o f  naiVe sp len o cy tes  w ith  ASlOl in h ib its  IL-10 b u t 

e n h a n c e s  C p G -O D N  in d u c e d  p ro -in fla m m a to ry  cy to k in e  p ro d u c tio n . Spleen 

cells from naive mice (2 x 10® ml) were treated with ASlOl (2.5-10 |ig/ml). CpG-ODN 

(0.1-10 (J.g/ml) was then added 0 (A), 1 (B) and 6 (C) hours later. Supernatants were 

collected 24 hours later and IL-10, IL-12p70, TN F-a and IL-6 concentrations were 

determined by ELISA. Results are the mean (± S.E.) responses from the cells o f 3-pooled 

spleens tested in triplicate.
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F ig u re  5.8. ASlOl e n h a n c e s  C p G -O D N  a n d  L PS  in d u c e d  T N F - a  in  se ru m  3 

h o u rs  a fte r i.p . in jec tio n  in  m ice . Mice were injected i.p. with CpG-ODN (25 |jg) or 

LPS (10 |ag) in the presence or absence o f ASlOl (20 fo.g) or with PBS alone as a control. 

Serum was collected from animals 3 hours later and levels of IL-12p40, IL-10 and TN F-a 

were determined by ELISA. Results are mean (± S.E.) responses from three mice per 

experimental group tested individually in triplicate.
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F ig u re  5.9. A SlO l en h a n c e s  IF N -y  and  in h ib its  T h 2 /T r l  r e sp o n ses  in d u c e d  by  

im m u n isa t io n  w ith  K L H  and  C T . Mice were immunised i.p. with KLH (50 |o,g) alone 

or with either CpG-ODN (25 |j,g) or CT (100 ng) in the presence or absence o f A SlO l (20 

|o.g) or PBS alone as control. Spleen cells (2 x lOVml) were restimulated in vitro with 

KLH (2-50 fig/ml). IFN-y, IL-10, lL-4 and lL-5 concentrations were measured by two-site 

ELISA. Results are mean (± S.E.) responses from five mice per experimental group tested 

individually in triplicate. *** P  <0.001 versus KLH alone. + P  <0.05 and +++ P  <0.001 

versus KLH+ASIOI.
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F ig u re  5.10. ASlOl su p p re sse s  K L H -sp ec ific  T  cell p ro life ra tive  resp o n se s  in  

m ice  im m u n ise d  w ith  K L H  a n d  C T  as a d ju v an t. Mice were immunised i.p. with 

KLH (50 |ig) alone or with either CpG-ODN (25 |ig) or CT (100 ng) in the presence or 

absence o f ASlOl (20 ^.g). Proliferative responses were assessed by [^H]-thymidine 

incorporation 4 days following re-stimulation o f spleen cells in vitro with KLH (2-50 

|j,g/ml). Results are mean (± S.E.) responses from five mice per experimental group tested 

individually in triplicate. * P <0.05 and *** P  <0.001 versus KLH alone.
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F ig u re  5.11. A S lO l s u p p re s s e s  a n t ib o d y  re s p o n s e s  fo llo w in g  im m u n is a t io n  w ith  

K L H  a n d  C T . M ice were im munised intraperitoneally with KLH (50 jj,g) and CpG-ODN 

(25 |j,g) or CT (100 ng) in the presence or absence o f AS 101 (20 |ig) or with PBS only as a 

control. A fter 7 days mice were sacrificed and blood harvested from the pleural cavity. 

Total KLH specific IgG, IgG l and lg 0 2 a  antibody titres in serum were determ ined by 

ELISA. Results are the mean endpoint titres (±S.E.) for 5 m ice per group. ** P  <0.01 and 

*** p  <0.001 versus im m unisation with KLH alone.
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Chapter 6 

General Discussion



6.1 General Discussion

This project investigated the generation o f innate and adaptive immune responses 

by microbial-derived and synthetic adjuvants and their relevance to vaccine-induced 

immunity. New vaccine candidates were assessed in chapter 3 for their ability to stimulate 

the mucosal immune responses using modified bacterial toxins as adjuvants, administered 

with the polysaccharide, chitosan, as a delivery vehicle. In addition, other 

immunomodulatory molecules including, alum, CpG, CT, flagellin, LPS, Pam3csk4, 

poly I:C and zymosan were examined for their ability to activate DC maturation cytokine 

production, and as a consequence, their role in generating antigen-specific T cell 

responses. In addition to the role o f immunomodulatory molecules in generating effector 

immune responses to mucosally or parenterally administered vaccines, the induction and 

function o f IL-10 secreting T cells was also examined.

Previous reports have demonstrated that immunomodulatory molecules, such as the 

TLR agonists, CpG or LPS, induce Thl responses while other pathogen derived molecules, 

such as CT or CyaA induce Th2 and Trl responses (McGuirk and Mills 2002; Lavelle, 

McNeela et al. 2003; Ross, Lavelle et al. 2004; Boyd, Ross et al. 2005). Thl and Th2 type 

responses are controlled by naturally occurring CD4"^CD25^ regulatory T cells. However, 

here it is shown that all Thl or Th2 promoting adjuvants also induce Treg cells. This study 

demonstrated that many immunomodulatory molecules previously shown to enhance Thl 

or Th2 responses stimulate DC to produce IL-10 and consequently promote the generation 

o f antigen-specific IL-10 secreting T cells. In addition to inducing effector Thl or Th2 

cells, each of the immunomodulatory molecules examined generated IL-10 secreting T 

cells to bystander antigens in vivo. These regulatory-type cells were investigated in 

chapter 4 for their role in suppressing Thl responses as well as their effect in vaccine 

induced immunity. Chapter 5 focused on the immunomodulatory properties of the 

tellurium-containing molecule, ASIOI. This molecule has been shown to have many 

pharmacological functions, including enhancing the efficacy of chemotherapeutic drugs. 

However, another interesting property of AS 101 is its ability to inhibit IL-10 production 

and enhance Thl responses. Therefore, ASIOI was administered in the presence o f other 

immunomodulatory molecules to determine if it had potential as an adjuvant component in 

vaccine formulations, through its ability to inhibit suppressive IL-10 producing T cells. 

The findings o f this study demonstrate the diversity of the immune response generated in 

the presence o f different immunomodulatory molecules and indicate that specific responses 

may be generated by individual adjuvants.
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To date several pathogens have proven to be efficient at evading the immune 

system, which has hindered development o f successful vaccines. Since most pathogens 

invade the body through mucosal surfaces, the induction o f mucosal immunity should be 

an effective approach at preventing infection, however mucosal vaccination has proven 

difficult. Despite these shortcomings mucosal routes of administration is a convenient 

method o f vaccine delivery and may induce protective immunity in the presence o f the 

appropriate adjuvants and delivery system. Although particularly effective when delivered 

systemically, bacterial toxins have also been found to generate strong mucosal immune 

responses. CT and LT are proven successful mucosal adjuvants, but are too toxic for 

human use. Therefore modified non-toxic derivatives, such as CTA l-D D  and LTK63 have 

been generated. In this study CTA l-D D  and LTK63, which are devoid of toxicity but 

retain their adjuvant properties (Pizza, Giuliani et al. 2000; Lycke 2004), were assessed for 

their abiHty to enhance immune responses to nasally delivered antigens. Previous studies 

had shown that CTA l-D D  and LTK63 are efficient mucosal adjuvants, retaining much of 

the activity o f the native toxin yet lack the enzyme activity o f the native toxins (Mowat, 

Donachie et al. 2001; Pizza, Giuliani et al. 2001). These modified toxins are capable of 

generating T cell responses to antigens delivered by mucosal vaccination, which are 

equivalent to those generated by parenteral immunisation. In this study CTA l-D D  and 

LTK63 were assessed as nasal adjuvants to enhance cellular and humoral immune 

responses to novel peptides/proteins components o f three prevalent disease-causing 

pathogens. The synthetic peptide, which represents the C-terminal region o f the P. 

falciparum  circumsporozoite protein, PfCS (amino acids 282-383) was examined as a 

candidate vaccine against malaria. Similarly, a fusion protein, Ag85B/ESAT6, comprising 

two virulence factors from M. tuberculosis was assessed as a candidate vaccine against TB. 

However, these two proteins failed to generate significant antigen-specific immune 

responses when administered intranasally either alone or with CTA l-D D  or LTK63. In 

contrast, the inclusion o f chitosan as delivery vehicle enhanced the adjuvanticity o f both 

C TA l-D D  and LTK63, resulting in increased antigen-specific IgG titres and IFN-y- 

producing T cells. The combination of chitosan and LTK63 has previously been shown to 

enhance the immunogenicity o f vaccines administered intranasally (Baudner, Giuliani et al. 

2003). The combination of mutant toxin and chitosan also allowed a reduction in the dose 

o f each of the vaccine components required for the induction of antibody and bactericidal 

responses to a CRM-MenC conjugate vaccine delivered intranasally, and resulted in 

similar or higher antibody titres to those induced by parenteral immunization (Baudner, 

Morandi et al. 2004).
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The HIV envelope protein gp l20SF 162 was also assessed for its ability to induce 

im mune responses when adm inistered by the m ucosal route. The version o f  g p l2 0  used in 

this study, from the SF162 strain o f HIV, had a m odified V2 loop region, which has been 

shown to be highly susceptible to neutralizing antibodies present in the sera o f  HIV 

infected patients (Ly and Stam atatos 2000). Interestingly, when adm inistered intranasally 

w ithout adjuvant, this protein generated T cells that secreted IFN-y, IL-10, IL-5 and IL-4 as 

well as inducing antigen-specific T cell proliferative responses. In contrast, g p l2 0 S F I6 2  

was unable to generate antibody responses when delivered nasally. The addition o f  C T A l- 

DD or LTK63 failed to enhance IFN-y production over levels achieved with the protein 

alone. In contrast, the inclusion o f chitosan in the vaccine preparation with C T A l-D D  

resulted in the generation o f  gp 120-specific IL-10 secreting T cells and increased IgG and 

IgA titres. However, g p l2 0  and its derivatives have had limited success in generating 

protective im mune responses against HIV. The structure o f  gpI20  is thought to be 

responsible for the poor im m unogenicity o f  the protein, in that m any potential antigenic 

epitopes on the native protein are hidden. The protein consists o f  five variable regions that 

are heavily glycosylated, which results in reduced im m unogenicity (Li, Luo et al. 1993). 

In addition, the immune system recognizes g p l2 0  as a trim eric moiety. However, the 

gp l20SF 162 used in this study was a m onom eric g p l2 0 , which m ay be unlikely to 

generate a protective immune response. Nevertheless, this study has dem onstrated that 

com bining m ucosal adjuvants with a delivery system , such as chitosan, is particularly 

effective at enhancing system ic and mucosal immune responses to protein antigens.

Com pared to injectable vaccines, nasal adm inistration is desirable as it dispenses 

with the need for needles but in general, m ucosal vaccination with protein or peptide 

antigens fail to induce com parable im munity. Considering the weak responses generated 

follow ing the adm inistration o f nasally delivered vaccines, a potential application for 

mucosal vaccines could be in boosting existing responses generated following parenteral 

immunisation. ‘Prim e-boost’ vaccination strategies have previous been shown to generate 

enhanced immune responses (Ram shaw  and Ram say 2000), particularly follow ing DNA 

vaccination. CpG-OD N are know to generate T h l-ty p e  responses when adm inistered 

parenterally, and have also been shown to act as a m ucosal adjuvant (M cCluskie, W eeratna 

et al. 2001; Harandi and Holm gren 2004). M ucosal im m unisation with CpG induced both 

system ic and m ucosal antigen-specific immune responses. Studies using the TLR ligand, 

CpG, as adjuvant w ith the hepatitis B surface antigen (H BsAg) dem onstrated that HBsAg- 

specifiic immune responses, induced by parenteral prim ing, could be significantly enhanced 

by m ucosal boosting and despite the fact that intram uscular im m unization alone could not

200



induce mucosal IgA, it could prime for a subsequent mucosal boost. In addition, the 

presence o f adjuvant at the time of boosting influenced the nature o f subsequent immune 

responses. Conversely, it was found that mice primed intranasally could have their 

systemic immune responses boosted with parenteral administration o f CpG and HBsAg 

(McCluskie, Weeratna et al. 2002).

The immunomodulatory properties o f CpG-ODN is determined by the sequence 

and length, as well as number and positions o f CpG motifs, which allows for distinct 

immunostimulatory profiles to be created. These immunostimulatory profiles can be 

further modified by appropriate chemical modifications; this leads to the development of 

CpG-ODNs which have been assessed for the therapeutic treatment o f cancer, allergy, 

asthma and infectious diseases (Uhlmann and Vollmer 2003). By examining many 

possible base combinations, the optimal CpG motifs for activating murine immune cells 

were found to have the formula, purine-purine-CG-pyrimidine-pyrimidine; the best 

combination o f which was found to be ‘GACGTT’. The optimal motifs for human 

immune cells are ‘GTCGTT’, ‘TTCGTT’ or ‘AACGTT’. It has been shown that the 5’ 

dinucleotides following the CpG are absolutely required for immunostimulatory activity 

(Yu, Zhao et al. 2000; Yu, Kandimalla et al. 2003). A further consideration in the design 

of ODN is the use o f phosphodiester or phosphorothioate backbones. While 

phosphodiester backbones mimic native bacterial DNA, they are vulnerable to degradation 

by nucleases and therefore have limited stimulatory potential in vivo. However, the bases 

in phosphorothioate ODN are constructed with sulphide bonds that confer greater stability 

and nuclease resistance to the ODN. This type o f ODN also appears to possess greater 

immunogenicity and therefore can be used at much lower concentrations than 

phosphodiester ODN, which is a desirable property in the design o f ODN for use in 

vaccine preparations (Sester, Naik et al. 2000). Early studies with CpG-ODN 

demonstrated that conjugating an antigen to CpG-ODN allowed the generation of rapid 

immune responses of longer duration. Combining CpG-ODN with antigen alone gave Thl 

biased immune responses but conjugating the antigen to the ODN lead to improved and 

more reproducible responses where less ODN was required as both protein and adjuvant 

were delivered to the same antigen presenting cell (Heit, Huster et al. 2004). Therefore, it 

would appear that optimal ODN sequences are species specific and various modifications 

need to be determined to provide the optimal response against each organism/cell.

Recent advances in our understanding o f the interaction between innate and 

adaptive immunity, in particular the early proinflammatory signals arising from pathogen 

interactions with innate cells, has lead to the identification of new immunomodulatory
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molecules with potential as vaccine adjuvants. In particular, following the identification of 

TLRs, the ligands that bind to these receptors have displayed potential as potent 

immunomodulatory molecules and vaccine adjuvants. LPS that is recognised by TLR4, is 

a component o f the bacterial cell wall of Gram-negative bacteria and is regularly detected 

in recombinant protein preparations and is also known to be the main inducer o f shock and 

death in Gram-negative sepsis (Lien, Means et al. 2000). Therefore, it is doubtful that LPS 

could be used as an adjuvant in vaccine preparations despite its potent immunomodulatory 

properties. However, CpG motifs, found predominantly in bacterial DNA, have shown 

great promise as a safe and effective immunomodulatory molecule. CpG, which is 

recognised by TLR9, has been shown here and in other studies to be a strong inducer of 

innate immune responses. CpG is capable o f stimulating DC and macrophages to produce 

IL-12p70 and IL-10 at similar concentrations to those observed following LPS stimulation. 

Another benefit o f CpG is that it can be produced synthetically, thereby reducing the 

effects o f contaminating endotoxins. Synthetic CpG-ODN maintain the adjuvant 

properties of native bacterial DNA and therefore are considered to be a safe and reliable 

adjuvant for use in human vaccines. This study has shown that the Thl-inducing ability of 

CpG-ODN can enhance the efficacy o f an acellular vaccine. Thl-type immune responses 

are desirable particularly in vaccine-induced immunity as it promotes the generation of 

IFN-y secreting T cells that are effective at clearing intracellular infection. In addition, 

CpG-ODN stimulates B cells to produce antigen-specific antibody responses, in particular 

IgG2a. Concomitantly, CpG-ODN suppresses Th2-type responses by decreasing IL-4 and 

IL-5 production as well as inhibiting the generation of IgE, which is associated with 

allergic responses. This suggests that CpG may have many potential clinical applications 

as it not only enhances cell-mediated immune responses to component vaccines, but also 

may inhibit undesired immune reactions that manifest as allergic disorders, such as asthma 

(Askenase 2000; Kline and Balias 2002).

All vaccines aim to provide the host with protective immunity o f long duration 

without causing adverse reactions. This study has demonstrated that a Pw vaccine against 

B. pertussis generates a Thl response in mice and consequently facilitates the rapid 

clearance o f the bacteria following challenge. Pw vaccines are composed o f inactivated 

whole bacteria, which include a wide range o f antigens but also immunomodulatory 

molecules, such as LPS, that have adjuvant activity and contribute to its immunogenicity 

and enhances Thl responses. Acellular pertussis vaccines, composed o f between 2 and 5 

factors from B. pertussis generate Th2 responses, and although effective at preventing 

whooping cough in children, are less effective than Pw. Animals immunised with Pa
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display slower bacterial clearance than those immunized with Pw. This study has 

demonstrated that combining Thl promoting adjuvants, such as CpG-ODN, with soluble B. 

pertussis antigens significantly enhances bacterial clearance following challenge with live 

B. pertussis. Clearly the generation of IFN-y secreting T cells is beneficial in conferring 

protection against infection. Thl promoting immunomodulatory molecules may therefore 

have considerable potential in the design o f more effective Pa vaccines as alum, which is 

currently used for Pa, generates Th2-type responses.

There are a number o f factors that regulate the polarization o f naive T cells into 

mature T h l, Th2 or Treg cells; the local cytokine milieu, the presence o f immunologically 

active cytokines, the dose and route o f antigen administration, the type o f APC stimulating 

the T cell or the affinity of the TCR for the MHC-antigen complex (Spellberg and Edwards 

2001). O f these factors, the cytokine milieu surrounding the newly activated T cell is 

probably the most important in determining the generation o f the Th-cell subtype. This 

study has demonstrated that TLR ligands and bacterial toxins stimulate DC to produce a 

variety o f cytokines that influence the polarization o f T cells. As discussed above, LPS 

and CpG-ODN induce the production o f IL-12 from DC, which is a key factor in the 

generation of IFN-y secreting Thl cells (Mahon, Ryan et al. 1996). In contrast, it has been 

reported that TLR ligands, such as Pam3Cys or zymosan or bacterial toxins, such as CT or 

CyaA, do not stimulate DC to produce IL-12 and hence generate a Th2-type response 

(Lavelle, Jarnicki et al. 2004; Redecke, Hacker et al. 2004; Ross, Lavelle et al. 2004). 

However this study demonstrated that both Thl and Th2 promoting immunomodulatory 

molecules stimulate DC to produce the anti-inflammatory and regulatory cytokine, IL-10. 

TLR ligands, were found to activate the MAPKs, in particular ERK1,2, which upon 

phosphorylation, is known to play a role in IL-10 production. The two potent T h l- 

inducing TLR ligands, LPS and CpG, stimulate DC to produce IL-12 and IL-10. In 

contrast, it was shown that other TLR ligands, associated with the promotion o f Th2 

responses, such as the TLR2 ligands, Pam3CSK4 or Zymosan induce IL-10, but lower 

concentrations o f IL-12 from DC. IL-10 induction from stimulated DC and other APC is 

associated with the generation of IL-lO-secreting Treg cells. This study showed that 

IL-lO-secreting Treg cells were induced following immunisation with T h l- and Th2- 

promoting TLR ligands. The use o f intracellular cytokine staining together with the 

generation of T cell lines and clones demonstrated that Thl promoting adjuvants generate 

IFN-y secreting cells, but also induce populations o f T cells that secrete both IFN-y and IL- 

10 or IL-10 only. In addition, Th2 promoting adjuvants, such as Pam3CSK4, promoted the 

generation of IL-10 secreting Treg-type cells as well as IL-4 producing cells.
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In addition to cytokine signals provided by the APC in the generation o f  Treg cells, 

interaction between CD28 on the T cell with the co-stim ulatory m olecules CD 80 and 

CD 86 (B71, B72) on the APC is essential for T cell activation. Thus, CD28 has been 

w idely recognized as the m ajor co-stim ulation pathway for naive T-cell activation, and the 

CD 28/B7 pathway plays a central role in im mune responses against pathogens, 

autoim m une diseases, and graft rejection. It has been reported that co-stim ulatory 

m olecules also play an im portant role in the regulation o f immune responses and the 

m aintenance o f  peripheral tolerance. Early reports recognized how T hl and Th2 responses 

to antigen was associated with enhanced regulatory cytokine production and expression o f 

B7-1, B7-2 and CD28 (Bour-Jordan and B lueston 2002). Indeed, CD28 engagem ent 

increases the expression o f  CTLA-4, induces the differentiation o f  Th2 cells that have a 

protective function in autoim m unity, and has a m ajor role in the hom eostasis o f  Treg cells. 

CTLA-4 is an additional receptor for B7 m olecules and delivers an inhibitory signal to the 

activated T cell. Thus, binding o f  CTLA-4 to B7 is essential for lim iting the proliferative 

response o f  activated T cells to antigen. O ther studies have dem onstrated that CD28/B7 

blockade leads to exacerbated autoim m une disease in mice as a result o f  a marked 

reduction in the num ber o f  CD4^CD25^ Tregs (Tang, Henriksen et al. 2003). More 

recently, CD 80 and CD86 have been shown to have opposing functions through CD28 and 

CTLA-4 on Treg. It was dem onstrated that blocking CD86 potently enhanced suppression 

by CD4^CD25" Treg, but blocking CD80 enhanced proliferative responses by impairing 

Treg suppression (Zheng, M anzotti et al. 2004).

It has also been suggested that other im m unological factors such as the com plem ent 

system, may contribute to the induction o f  Treg cells. The com plem ent system represents 

a com plex pathway o f  m ore than 30 serum proteins and cell surface receptors that interact 

in a range o f  functions from direct cell lysis to the enhancem ent o f  B and T cell responses. 

Previous studies have identified an endogenous receptor-m ediated event that drives T rl 

differentiation and suggests that the com plem ent system has a previously unappreciated 

role in T-cell-m ediated im munity and tolerance (Kem per, Chan et al. 2003). C o

engagem ent o f  CD3 and the com plem ent regulator CD46 in the presence o f IL-2 induces a 

T rl-specific  cytokine phenotype in hum an CD4^ T cells. These C D 3/CD 46-stim ulated IL- 

10-producing C D 4’̂ T cells proliferate strongly, suppress activation o f  bystander T cells 

and acquire a m em ory phenotype. In addition, com plem ent system s participate in the 

regulation o f  T cells by m ultiple m echanism s such as direct opsonisation o f  foreign 

antigens by APC and by m odulating cytokine release. A lthough com plem ent proteins are 

for the m ost part synthesized in the liver, pro-inflam m atory cytokines, such as IL-6, TNF-
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a  and IFN-y, can stimulate macropiiages to express individual early complement 

components. Therefore, the induction o f these cytokines by immunomodulatory molecules 

may stimulate additional pathways that link innate and adaptive immunity.

Having shown in vitro that IL-10 producing T cells are capable of suppressing 

IFN-y production from T cell lines generated from mice immunized with CpG-ODN and a 

bystander antigen, this study examined the role o f Treg cells in vaccine-induced immunity. 

Although mice immunized with Pa and CpG-ODN had enhanced IFN-y producing T cells, 

which appeared to contribute to enhance clearance of bacteria from the lungs, antigen- 

specific IL-10 production was also induced with the vaccine formulation. The Pw vaccine 

was also shown to induce IL-lO-producing T cells, as well as Thl cells following 

immunisation in mice. To answer the question o f whether IL-lO-secreting T cells 

influence the efficacy o f the Pw vaccine, Pw immunized wild type and IL-IO'" '̂ mice were 

challenged with live bacteria and the bacterial clearance monitored. The results 

demonstrate that IL-10 induction following immunisation does not adversely affect vaccine 

efficacy, as wild type mice cleared bacteria as efficiently as the IL-10'^' mice. Recent 

studies have suggested that naive non-immunised IL-10"^' mice clear infection at the same 

rate as wild type mice despite enhanced IFN-y production (McGuirk and Mills 

unpublished). However here it has been shown that immunisation with the Pw vaccine 

generates equivalent T cell responses in both wild type and IL -10" mice. This suggests 

that although IL-10 is important in preventing immune pathology in B. /?er/M^5w-infected 

TLR4 deficient mice (Higgins, Lavelle et al. 2003), the induction o f antigen-specific IL-10 

secreting T cells does not compromise vaccine efficacy.

The applications for immunomodulatory molecules extend beyond enhancing 

immunological responses to antigen as part o f a vaccine strategy against infectious 

diseases. Thl and Trl promoting adjuvants are also being investigated as potential 

therapeutic agents in the treatment o f other diseases. Thl promoting TLRs have been 

shown to be effective in the treatment o f allergic disorders, including asthma as well as 

proving beneficial in the treatment o f some cancers. In addition it has also been shown 

that Thl promoting vaccines, such as the Pw vaccine against B. pertussis, protect against 

the exacerbation o f allergic responses (Ennis, Cassidy et al. 2005). In relation to asthma, 

treatment with immunostimulatory sequences (ISS) containing CpG motifs have been 

shown to decrease eosinophilic airway inflammation, IgE levels, Th2 cytokine expression 

and airway hyper-responsiveness (Broide, Schwarze et al. 1998; Broide, Stachnick et al. 

2001) while increasing the expression o f Thl-related and regulatory cytokines (Sur, Wild 

et al. 1999; Choudhury, Wild et al. 2002). In light o f the dramatic increase in numbers of

205



individuals affected by allergic disorders, therapies such as these may be beneficial 

although so far the effects o f ISS-ODN appear to be transient, suggesting that optimal ISS- 

ODN therapy may require repeat administrations (Broide, Stachnick et al. 2001). 

However, further studies using ISS-ODN with allergens in the form of allergen-ISS 

conjugates may offer longer lasting and allergen-specific protection (Homer and Raz 2002; 

Horner, Takabaysahi et al. 2002).

Thl-prom oting adjuvants have also been used to treat cancer. In recent years, 

CpG-ODN have proven successful in a vaccine preparation with tumor antigens (Weiner, 

Liu et al. 1997) and have also been used alone therapeutically to activate immune 

responses against a wide variety of tumors (Balias, Krieg et al. 2001). Despite indirectly 

activating NK cells, which actively kill tumor cells, ISS-ODN therapies that aim to 

increase NK cell activity may not be successful as many types of tumor are resistant to the 

action o f NK cells. Alternative types o f immunotherapy are being investigated that 

combine the use of passive monoclonal antibodies (mAb) against tumor antigens. By 

binding to the surface o f tumor cells, the mAb acts as a signal to NK cells. However, 

unless NK cells that express receptors for the constant region of the antibody are activated, 

antibody-dependent cellular cytotoxicity is not particularly effective. The use o f ISS-ODN 

in this instance could dramatically enhance the efficacy o f mAb immunotherapy by 

activating NK cells. Indeed this form of therapy has generated promising results in a 

murine model where mice injected with a lethal dose of syngeneic B cell lymphoma were 

pretreated with CpG-ODN, followed by mAb, had a 70-80% survival rate in repeated 

experiments (Wooldridge, Balias et al. 1997).

Another therapy that has been assessed for the treatment o f cancer involves the use 

of A SlO l, which modulates Thl and Th2 responses in tumor-bearing mice and in patients 

with advanced cancer (Sredni, Tichler et al. 1996). The results demonstrated that treatment 

of mice and patients with ASlOl resulted in a predominant Thl response, with a 

concomitant decrease in Th2-type responses. In addition, the concentration o f IL-12 was 

significantly increased in patients treated with A SlO l. Increases in IL-2 and IFN-y, 

paralleled by a decrease in IL-4 and IL-10 in ASlOl-treated mice, were associated with its 

antitumoral effects. As TLR ligands, such as CpG and LPS, stimulate DC and 

macrophages to produce IL-12 and IL-10, these immunomodulatory molecules were used 

to examine the ability o f ASlOl to modulate innate immune responses. ASlOl has 

previously been shown to inhibit IL-10 production from macrophages and as a result was 

assessed for its ability to suppress IL-10 production from DC in vitro. Analysis of 

cytokines in the supernatant of DC stimulated with CpG-ODN demonstrated that ASlO l is
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capable o f inhibiting IL-10 production, and in addition enhanced CpG-induced IL-12 

production. Analysis o f the signalling pathways involved in cytokine production 

demonstrated that ASlOl enhanced IL-12p70 production by increasing p38 

phosphorylation, as inhibiting p38 activation abrogated the effects o f ASIOI. AS 101 was 

also assessed in vivo to determine its ability to enhance Thl-type responses and to inhibit 

Th2 and/or Treg-type cytokine production. Indeed, ASlOl proved effective at enhancing 

Thl responses characterised by the increased production o f IFN-y, most probably due to 

the enhanced IL-12 production from innate cells. The ability o f ASlOl to inhibit IL-IO 

production, while simultaneously enhancing IL-12, may have applications in the 

development of improved vaccine formulations against poorly immunogenic antigens. 

Previous studies have also shown that ASlOl is effective when administered mucosally as 

it is able to protect mice from the lethal effects o f cyclophosphamide when administered 

orally (Sredni, Albeck et al. 1992). Therefore CpG-ODN and ASlOl may prove to be a 

successful combination to improve the immunogenicity o f mucosally delivered vaccines. 

This study has demonstrated that ASlOl synergizes with TLR ligands to enhance Thl 

promoting cytokine production from CpG-stimulated DC. In contrast, it has also been 

shown here and by others (Lavelle, Jamicki et al. 2004) that co-incubation o f CpG-ODN 

with CT or CyaA (Ross, Lavelle et al. 2004) inhibits 1L-I2p70 production from DC and 

enhances IL-10 production. This study has also demonstrated synergistic effects between 

the Thl promoting TLR ligands, LPS and CpG and the synthetic immunomodulatory 

molecule ASlO l.

Previously, ASlOl has been shown to possess anti-tumoral properties enhancing 

NK cell activity, IFN-y, TN F-a and lL-2 production (Shani, Tichler et al. 1990). A 

synergistic effect has been reported between ASlOl and Taxol against early stage lung 

adenocarcinoma, which was in part due to increased tumoricidal activity o f macrophages 

(Kalechman, Shani et al. 1996). More recently it has been shown that IL-10, secreted by 

various tumor cells and capable o f suppressing anti-tumor immune responses, is inhibited 

by ASlOl and hence suppresses tumor growth. This indicates that the IL-10 plays an 

important role in the resistance of certain tumors to chemotherapeutic drugs. In addition to 

sensitizing tumor cells to chemotherapeutic drugs, the ability o f ASlOl to enhance Thl 

responses and suppress IL-10 production, makes it a promising candidate in future cancer 

therapies. As ASlOl can enhance responses generated by Thl promoting adjuvants, this 

makes it an ideal candidate for use in vaccination strategies against poorly immunogenic 

antigens. However, as IL-10 production is inhibited by A SlO l, the risk o f inducing 

pathology increases, as the immune response may not be properly regulated.
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In contrast to therapies that require enhanced pro-inflam m atory responses, new 

therapies that aim  to control autoim m une disorders, such as arthritis or m ultiple sclerosis, 

have focused on the use o f  IL-10 to suppress chronic inflam m atory responses. This study 

has shown that IL-10 secreting T rl cells can suppress IFN-y production from an 

established T h l cell line. Therefore, generating T rl cells against antigenic determ inants on 

autoantigens m ay help to control persistent inflam m atory responses that result in dam aging 

pathology. TLR ligands that generate IL-10 secreting T rl cells, such as Pam3Cys, or 

bacterial derivatives including bacterial toxins, such as CyaA, m ay prove to be effective 

therapeutic agents in the treatm ent o f  autoim m une disorders. This study has shown the 

potential o f  TLR ligands and im m unom odulatory m olecules as adjuvants to induce potent 

innate and cell mediated im mune responses. The ability o f  each adjuvant to generate 

T h l/T r l  or T h2/T rl responses dem onstrates that IL-lO -secreting regulatory T cells are an 

integral part o f  acquired im munity. However, despite exhibiting suppressive capabilities, 

these Tr cells do not appear to com prom ise protective T hl responses generated following 

vaccination. The nature o f  the responses induced by the im m unom odulatory m olecules 

exam ined including TLR ligands, bacterial toxins and A S lO l, suggest that they may not 

only contribute to the enhancem ent o f responses in vaccine strategies, but could act as 

potential new therapeutic agents in the treatm ent o f  cancer, allergic disorders or 

autoim m une conditions.
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