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ABSTRACT 

Strindelius, L., 2003. Mucosal Vaccination Using Polyacryl Starch Microparticles as 
Adjuvant with Salmonella enteritidis as a Model Pathogen. Acta Universitatis Upsaliensis. 
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Polyacryl starch microparticles have been developed as a new mucosal vaccine adjuvant 
intended for use in oral vaccination. The main objectives of this thesis were to evaluate the 
efficacy of these polyacryl starch microparticles and to study their uptake through mucosal 
tissues. Secreted or surface components of Salmonella enterica serovar Enteritidis were used 
in free form or were conjugated to or mixed with the microparticles in vaccination studies in 
mice in order to find components suitable for use in a future combination vaccine against 
enteric bacteria such as enterotoxigenic Escherichia coli.
 The immune response elicited using secreted proteins from S. enterica serovar Enteritidis 
was shown to be mainly directed against flagella-related antigens and partly by LPS. Flagellin 
was purified and used in C3H/HeJ mice that do not respond to LPS. Strong immune responses 
were observed even when the flagellin was given orally alone. Recombinant Salmonella
atypical fimbriae (SafB/D) complexes, a conserved structure within Salmonella species, were 
also studied and shown to be immunogenic after administration both subcutaneously and 
nasally, but not orally. Oral challenge using live bacteria, showed that mice orally immunised 
with the secreted antigens, resulted in a lower degree of infection than that seen in non-
vaccinated mice. Similarly, mice that had been immunised with purified free flagellin had a 
lower degree of infection than untreated mice. However, with mice, immunised with SafB/D 
complexes plus rCTB, only the subcutaneous route resulted in a lower degree of infection 
than seen in untreated mice. The polyacryl starch microparticles were effective as an adjuvant 
with secreted proteins, but did not potentiate the immune response in the study using flagellin.
 Confocal laser-scanning and transmission electron microscopy demonstrated that the 
microparticles were taken up by pig respiratory nasal mucosa mounted in horizontal Ussing 
chambers. Although anticytokeratin 18 stained mucus-producing cells, M cells were not seen 
in the studied area.  
 Changing the route of administration of the microparticles conjugated with serum 
albumin can cause differences in the IgG-subclass ratios. The mucosal immune response 
measured as specific s-IgA levels, was induced by oral but not parenteral immunisation. 
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ABBREVIATIONS 

APC   antigen-presenting cell 
CD   cluster of differentiation 
CFA/I   colonisation factor adhesin I 
CFU   colony-forming unit 
CLSM   confocal laser-scanning microscopy 
CpG   polycytosine guanine 
CT   cholera toxin 
CTL   cytolytic T lymphocyte 
DC   dendritic cell 
ELISA   enzyme-linked-immunosorbent-assay 
EPEC   enteropathogenic Escherichia coli
ER   endoplasmic reticulum 
ETEC   enterotoxigenic Escherichia coli
FACS   fluorescence-activated cell sorting
FITC   fluorescein isothiocyanate 
GALT   gastrointestinal-associated lymphoid tissue 
GM1   monosialoganglioside
HEV   high endothelial venules 
ICAM-1   intercellular adhesion molecule-1 
IEL   intra-epithelial lymphocytes 
ILF   isolated lymphoid follicle 
ISCOMS   immune-stimulating complexes 
LPS   lipopolysaccharide 
LT   E.coli heat-labile enterotoxin 
LTB   B subunit of E.coli heat-labile enterotoxin 
MAdCAM-1   mucosal addressin cell adhesion molecule-1 
MALT   mucosal-associated lymphoid tissue 
MHC   major histocompatibility complex 
NALT   nasal-associated lymphoid tissue 
NK   natural killer cell 
NRAMP   natural resistance associated macrophage protein 
PAMP   pathogen associated molecular pattern 
PLG   polylactide-co-glycolide 
rCTB   recombinant cholerae toxin B subunit  
SEM   standard error of the mean  
SPI-I   Salmonella pathogenicity island-I 
TCR   T-cell receptor 
TEM   transmission electron microscopy 
TEMED   N, N, N´, N´-tetramethylethylenediamine 
TGF   transforming growth factor 
Th   T-helper cell 
TLR   toll-like receptor 
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INTRODUCTION 

Historical aspects of vaccination 

In China during the 16th century, healthy people sought immunity to smallpox by sniffing 
powdered smallpox scabs or by wearing the undergarments of an infected individual. 
Later, in England, farmer Benjamin Justy inoculated his family with cowpox pus to 
prevent smallpox, leading eventually (1796) to Edward Jenner’s first clinical 
investigations into smallpox prevention. These clinical studies proved that preinoculation 
of cowpox virus did prevent smallpox on challenge with virulent virus. From these 
beginnings, the sciences of vaccinology and immunology were born.  

Modern vaccines have controlled at least ten major diseases (smallpox, diphtheria, tetanus, 
yellow fewer, pertussis, Haemophilus influenza type b, poliomyelitis, measles, mumps and 
rubella) that used to kill millions of people worldwide on a yearly basis [1]. Traditional 
vaccines mainly consist of live attenuated pathogens, whole inactivated organisms, or 
inactivated bacterial toxins. This approach to vaccination has generally successfully 
induced antibodies to neutralise viruses or bacterial toxins, inhibit the binding of 
microorganisms to cells, or promote their uptake by phagocytes. However, prevention of 
infection by intracellular pathogens such as Salmonella spp, human immunodeficiency 
virus (HIV), hepatitis C virus (HCV), and Mycobacterium tuberculosis requires the 
induction of a cellular immune response as well as an antibody response. It is therefore 
important, in the development of new vaccines, to keep in mind the unique interactions of 
pathogenic viruses, bacteria, fungi and parasites with their hosts and the specific immune 
responses that are required. 

The aim of vaccination is to stimulate a specific immune response and to induce a long 
lasting immunological memory to protect against future infection. Most vaccines currently 
available for humans are licensed for non-mucosal administration via subcutaneous or 
intramuscular routes. However, most pathogens gain access to their hosts via the mucosal 
surfaces. It would thus be beneficial to develop mucosal vaccines that would more or less 
mimic the natural route of infection and trigger an immune response right at the infection 
site. Several vaccines have been developed for oral administration. These include bacterial 
vaccines against cholera and typhoid fever, and viral vaccines against polio and, recently, 
rotavirus infections. Live attenuated organisms in vaccines can mimic the natural infection 
process, effectively colonising the gut and persisting for a relatively long time, thus 
providing efficient immunological stimulation. These vaccines elicit both local and 
systemic humoral immune responses, and sometimes even a cellular immune response. 
The advantage of these live attenuated vaccines lies in their expression of a broad cocktail 
of antigens and other immunomodulating components, some of which may only be 
induced in vivo. However, these vaccines have the potential to themselves cause disease in 
immunosuppressed individuals; reversion to an invasive state is possible. The presence of 
components such as LPS can also also result in side effects and safety problems.  

These limitations have forced a change in the direction of vaccine development. One new 
approach involves vaccination with protein subunits. Unfortunately, however, protein 
subunits are often not stable or immunogenic enough to be administered via mucosal 
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routes on their own. This has stimulated an urgent search for new mucosal adjuvants
1
 that 

could be used in vaccines against a wide range of infectious diseases. 

Aluminium salts and MF59 (squalene o/w emulsion) are the only adjuvants currently 
licensed (only for parenteral administration) for human use in Sweden. However, 
aluminium salts induce an immune response activating T-helper 2 (Th2 cells) that lacks 
the cellular immune response [2] with important consequences for intracellular infections 
as discussed above. 

This thesis focuses on mucosal adjuvant systems based on starch microparticles and/or 
rCTB, and the protective epitopes from Salmonella spp used in the mucosal and parenteral 
vaccination of mice; studies were also conducted to investigate whether and, if so, how 
these adjuvant systems are taken up by the mucosal tissues. The following sections 
provide a more detailed look at the induction of immunity, the use of Salmonella spp as a 
pathogen, the host’s response to this intracellular pathogen, currently available adjuvants, 
and adjuvants in development. 

1 An adjuvant is a substance that is used in combination with a specific antigen that leads 
to a higher immune response than when the antigen is used alone.  
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The immune system 

The immune system consists of a complex network of immune cells that can be divided 
into the innate and the adaptive immune system. The innate immune system is the body’s 
first line of defence. In this system, phagocytes (monocytes/macrophages, dendritic cells 
DCs), polymorphonuclear granulocytes (neutrophils, eosinophils, basophils) and - natural 
killer (NK) cells recognise specific molecular structures (conserved parts or pathogen-
associated molecular patterns PAMP) from pathogens, including lipopolysaccharides 
(LPS), flagellin, peptidoglycan, and polycytosine guanine (CpG) motifs (bacterial DNA). 
The body is warned of danger when these PAMPs bind to Toll-like receptors (TLR) on the 
innate immune system cells, triggering a cascade of signals that result in pro-inflammatory 
responses [3]. The innate immune system is, in turn, stimulated by the adaptive response. 
The adaptive immune response, mediated by lymphocytes (B cells and T cells) and 
antigen-presenting cells (APCs) DCs, macrophages and B cells], results in a more 
antigen-specific immune response than the non-specific innate immune response. The 
adaptive antigen-specific immune response comprises both humoral and cellular immune 
responses. The humoral immune response includes the induction of antigen-specific 
antibodies produced by plasma cells (i.e. B cells that have matured and differentiated upon 
antigen recognition). These antigen-specific antibodies bind to the pathogen to prevent 
infection or neutralise toxins that pathogens such as Corynebacterium diphtheria and 
Clostridium tetani produce. They can also trigger destruction of the pathogen through the 
actions of complement or antibody-dependent cellular cytotoxicity. To effectively prevent 
intracellular pathogens from continuing the process of infection, the host activates the 
cellular immune response. This involves the actions of T-helper cells (CD4+), cytolytic T 
lymphocytes (CTLs) or killer T cells (CD8+). T-helper cells are responsible for 
orchestrating and directing an immune response, while CTLs are the killer cells that move 
to sites of infection and lyse infected cells.  

Dendritic cells and processing and presentation of the antigen to the immune system 

The aim of vaccination is to stimulate a specific immune response and to induce a long 
lasting immunological memory to protect against future infection. To accomplish this, the 
vaccine antigen has to be presented by the APCs that activate naive T and B cells. The 
most effective APCs are the DCs, which are produced in the bone marrow and are present 
in all tissues except the brain. At an immature stage of their development, they act as 
sentinels in the skin, mucosal sites and lungs, continuously sampling for antigens. After 
microbial or inflammatory stimuli (danger signals), they mature (i.e. upregulate co-
stimulatory molecules that are required for effective interaction with T cells) and migrate 
to the lymph nodes, where they stimulate T cells. During maturation, the capacity of these 
cells to internalise and process bacteria is downregulated [4]. 

In the mouse, DCs can be divided into subsets that differ in phenotype, function and 
microenvironmental locality [5]. These different subsets can be distinguished by their 
surface receptors (CD4, CD8 , CD11b and c, CD205); the subsets react differently upon 
stimulation, depending on factors such as the maturation stage and location of the cells. 
Several signals are required for efficient T-cell stimulation by the DCs. The first is the 
presentation of antigenic peptide fragments on the surface of DCs together with major 
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histocompatibility complex (MHC) class I or II molecules for recognition by the T-cell 
receptors (TCR) on T cells. The second signal involves the recognition by CD28 and 
CD40 ligands on T cells of co-stimulatory molecules on the surface of the DC (CD80, 
CD86 and CD 40). However, if the expression of CD80/CD86 on the DC is low, because 
of a low initial signal, DCs are bound to the ligand CTLA-4 on the T cells, resulting in an 
inhibitory signal [6] that can lead to a non-immune response called tolerance. This can 
subsequently have a negative impact on the outcome of vaccination, and it is important 
that the adjuvant and/or the antigen have the capacity to induce co-stimulatory surface 
components that will lead to an immune response and not to tolerance. 

Antigens or microorganisms encountered by APCs are processed within the APC and 
presented with MHC class I or II molecules on the surface of the APC. MHC-I is 
expressed on most cells, while MHC-II is only expressed on specific cells such as 
macrophages, DCs, and B cells. It has been established that endogenous antigen peptide 
fragments (from self peptides or viral infection) are generated in the cytoplasm of cells by 
the proteasome. The peptides are then carried by transporter proteins (TAP1 and TAP2) to 
the lumen of the endoplasmic reticulum (ER) where they are degraded into smaller peptide 
fragments 8-10 amino acids in length. In the ER, newly synthesised class I heterodimer 
MHC-I molecules bind the peptides, which are then transported to the surface of the cell to 
be recognised by the TCR/CD3 complex on CD8+ T cells. However, peptide fragments of 
exogenous proteins that are acquired from outside the cell, such as those found in 
vaccines, are endocytosed into acidic endosomes where they are reduced and 
proteolytically cleaved into peptides 12-25 amino acids in length. These peptides are then 
bound to the  and  subunits of class II MHC molecules and presented on the cell surface 
to stimulate CD4+ T cells. However, exogenous antigens appear also to be presented by 
MHC-I molecules under some circumstances [7], [8]. Consequently the outcome of an 
immune response, in addition to the upregulation of costimulatory surface components, is 
largely dependent on the pathway for antigen presentation; this event is therefore also 
crucial for vaccine development.

The differentiation of T-helper cells 

The differentiation of an immune response is largely dependent on the microenvironment 
(i.e. the immune cells and the secreted cytokines) at the site of the activation. The 
secretion of cytokines acts as cross talk between cells and can lead to upregulation of 
surface expression of co-stimulatory molecules and homing receptors, depending on the 
message sent. The induction of production of specific cytokines depends on the immune 
cells present and the nature of the antigen that the cells have encountered. The vaccine 
adjuvant system can also have an impact on the immune response elicited. As mentioned 
before, aluminium salts induce an immune response that lack the cellular arm of an 
immune response [2] while CpG motifs induce fairly strong cellular responses by their 
binding to TLR 9 [9]. Other factors such as the site of inoculation, the doses of antigen and 
adjuvant, genetic factors of the host and the persistence of the antigen at the site of 
inoculation also contribute to the potency and quality of the immune response. It is clear 
that the cytokines and chemokines secreted from the immune and other cells form a 
complex network of regulatory events that also contribute to the differentiation of the 
immune response. 



13

Activated CD4+ T cells can differentiate into either T-helper 1 (Th1) or Th2 cells, which 
each secrete specific subsets of cytokines (Fig.1). In general, Th1 cells secrete the 
cytokines interleukin (IL)-2, interferon (IFN)-  and tumour necrosis factor (TNF)- ,
whereas Th2 cells secrete IL-4, IL-5, IL-10 and IL-13. The Th1 immune response is 
associated with a strong cell-mediated CTL response and delayed-type hypersensitivity 
(DTH) reactions and also induces the subclasses IgG2a and IgG2b, while a Th2 response 
is characterised by a humoral or antibody-mediated immune response with the induction of 
IgG1 and IgE antibodies [10]. The differentiation of Th1 and Th2 responses is mediated 
by the cytokines IL-12 and IL-4, respectively. These cytokines also act as autocrine 
growth factors for further expansion of these cells, as well as reciprocal inhibitory agents 
for the opposite cell type. These cytokines are believed to be derived from DCs, which are 
thought to have a key role in directing the commitment of naive T-helper cells. 
Macrophages [11] and DCs [12] are the main sources of the initial burst of IL-12, but the 
cellular sources of the initial burst of IL-4, and the mechanisms for its induction, are still 
not clearly understood. Suggestions for the source of IL-4 include NK T cells, mast cells, 
basophils, and mature CD4+ T cells [13]. 

Figure 1. The differentiation of T-helper cells. The Th1 cells mediate the destruction of 
intracellular pathogens such as viruses, parasites and intracellular bacterias and also organ-
specific autoimmunity. The Th2 cells are anti-helminthic and increase allergy reactions. 
The antibodies induced by Th1 and Th2 are involved in the opsonisation and phagocytosis 
of microbes, and neutralising antibodies, respectively [14]. 
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Interestingly, different DC subsets have been shown to induce distinct T-helper responses. 
In mice, isolated lymphoid DCs and myeloid DCs from the spleen [15 , 16] or Peyer’s 
patches [17] induce Th1 and Th2 responses, respectively. Cytokines secreted by activated 
T cells can also modulate DC function. It is also evident that DCs from distinct 
microenvironments have different effects on T-helper responses. DCs from Peyer’s 
patches or the respiratory tract prime Th2 responses while DCs from the spleen prime 
Th1/Th2 responses [18], [19]. These observations accentuate the importance of the route 
of antigen entry for the immune response elicited. 

The mucosal immune system 

The mucosal surfaces of the intestinal, respiratory and urogenital tracts in the human body 
have a combined surface area of at least 400 m2. These surfaces are covered by a layer of 
epithelial cells separating the internal organs from an environment rich with potential 
pathogens, and are protected by a complex system of defenses that comprise the mucosal 
immune system. A very important task for the mucosal immune system is to differentiate 
between destructive agents and harmless substances. This is especially important in the 
intestines where unwanted strong immune responses against food antigens or commensals 
could lead to food allergies or chronic inflammation. The development of the mucosal 
immune response is therefore carefully regulated. 

The mucosal tissue is lined by a single layer of epithelial cells joined together by tight 
junctions that are highly regulated gates that open and close in response to events in the 
lumen and the epithelium. The mucosal tissue consisting mainly of enterocytes forms an 
effective defence barrier against microorganisms by producing mucus that can entrap the 
organisms and remove them by peristaltic movements in the gut or by ciliary movements 
in the bronci. Factors such as lysozyme, lactoferrin, peroxidase and defensins secreted by 
paneth cells, gastric acid and intestinal hydrolases (proteases, lipases, nucleases) also 
contriubute to the host’s defences. Moreover the glycocalix, a thick layer of glycoproteins 
anchored to the cell membranes [20], can prevent the microorganisms from coming too 
close to the gut epithelium. Lymphoid follicles, located along the mucosal surfaces, are a 
distinctive feature of organised mucosa-associated lymphoid tissues (MALTs). These 
areas are known as follicle-associated epithelia (FAE). The Peyer’s patches in the intestine 
are one of the most extensively studied regions of MALT. Interestingly, stimulation at one 
mucosal site on a MALT can induce an immune response at remote mucosal effector sites 
[21], [22]. However, the extent of the immune response at the effector sites depends on 
where the induction occurred [23]. 

Inductive sites 

The mucosal immune system consists of both inductive and effector sites (Fig.2). Mucosal 
immune responses are mostly initiated at the FAE of the Peyer’s patches. The FAE differ 
from villus epithelia in many ways. FAE contain few or no goblet or enteroendocrine cells 
[24] and contain specialised epithelial cells known as M cells. These cells are capable of 
transporting macromolecules, particles and microorganisms directly into the region of the 
Peyer’s patches [25]. The apical surfaces of M cells lack a brush border [26] and are 
relatively deficient in lysosomes, which could result in a less degraded antigen [27].  



15

M cells also contain a large number of endocytic vesicles for taking up and transporting 
the lumen contents across the epithelial layer [28]. M cells have a unique intraepithelial 
pocket that contains B cells, CD4+ T cells, and a few macrophages e.g. [29], [30]. 
Underneath this are follicles with distinct T and B cell zones that also include germinal 
centres containing B cells, committed to IgA production. In addition, a layer of DCs is 
located in the subepithelial dome of the Peyer’s patches. When antigens or microbes are 
engulfed by an M cell, they are transported to the subepithelial dome and are processed 
and presented by APCs to T cells. The lymphocytes activated in Peyer’s patches then 
migrate to the mesenteric lymph nodes and to the circulation via the thoracic duct and 
finally to the lamina propria, the effector site in the gut where they can perform their 
effector activities, such as antibody synthesis or cytolysis. Alternatively, the APCs may 
themselves migrate to the secondary lymph nodes to present their contents to T cells.  

Other pathways for antigen uptake could be through normal enterocytes. In addition to 
absorption of nutritients the epithelial enterocytes are also capable of presenting antigens 
to T cells, although inefficiently. The enterocytes express both MHC-I and MHC-II 
molecules that are inducible during inflammation. Other antigen presenting molecules like 
the non-classical MHC-Ib and CDId have also been found to be able to present antigens 
depending on the pathway for the antigen uptake [31]. As the enterocytes lack expression 
of co-stimulatory molecules, they appear to be involved in the supression rather than 
activation of naïve T cells [32]. Another possibility is that the enterocytes could deliver the 
antigen to underlying DCs. 

There are also solitary follicles scattered through the gut lamina propria known as isolated 
lymphoid follicles (ILFs). These structures contain a large number of B2 cells, which are 
generated in the bone marrow [33], [34]. These cells produce antibodies in a T-cell-
dependent manner, while B1 cells derived from the peritoneal cavity produce IgA 
independently of T cells [35]. These B1 cells seem to be activated by the commensal 
microflora and may well be crucial for preventing systemic invasion by intestinal bacteria 
[36]. 

Effector sites 

The lamina propria is the main site of antibody production in the body. In fact, 80% of the 
activated B cells in adults are located in the lamina propria [37]. The characteristic 
antibody of mucosal immunity is secretory IgA (s-IgA), which is produced almost twice as 
much as all other immunoglobulin isotypes combined [38]. In most animal species, IgA 
exists in the circulation as a polymer, while in human serum, IgA is predominantly 
monomeric. Mucosal IgA consists of two IgA molecules linked together by a peptide 
called a J-chain which stimulates dimerisation. By binding to the polymeric 
immunoglobulin receptor (pIgR) expressed on the basolateral surface of mucosal epithelial 
cells, dimeric IgA is actively transported through the cell [39]. At the apical surface, parts 
of the pIgR are cleaved away and the complex is released into the secretions. The part of 
pIgR that is still conjugated to the dimeric IgA is called the secretory component and 
remains bound to IgA (s-IgA). This stabilises the IgA molecule in the harsh environment 
of mucosal secretions [40].  
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Figure 2. Schematic picture of the intestinal epithelium with some of its immune 
components. The magnified area shows an M cell with pathogens or particles entering 
from the gut lumen. Green cells are B cells; blue cells are T cells; rusty colored cells are 
intra epithelial cells (IELs); DC=dendritic cells; ML=mesenteric lymphnode; 
GC=germinal center; HEV=high endothelial venule; ILF=intraepithelial lymphoid follicle. 

s-IgA responses are effective in preventing both viral and bacterial infections. Both viruses 
and bacteria have specific proteins on their surfaces that are responsible for attachment 
and entry into cells. s-IgA and other antibodies can prevent disease by binding to these 
molecules and preventing the pathogens from infecting host cells, and also by inducing 
opsonisation [41], [42]. Antibodies are also capable of inactivating the bacterial toxins that 
contribute to disease. They can further eliminate antigens that cross the epithelial barrier 
by complexing with and transporting them across the mucosal epithelium [43], [44]. In 
rodents, pIgR is also expressed on hepatocytes. Polymeric IgA can therefore be cleared 
through the liver by hepatobiliary transport and excreted into the bile e.g. [45], [46]. 
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Although FAE do not secrete s-IgA, this immunoglobulin can bind to the apical side of M 
cells and be transported from the lumen into the intra-epithelial pocket [47]. The uptake of 
IgA-antigen complexes by M cells can induce secretory immune responses [48], [49]. This 
mechanism could have implications for the mucosal immune response and also for 
protection against commensal bacteria.  

Other antibodies such as polymeric IgM, IgG and IgE can also be found in the mucosal 
secretions, although to a lesser extent than IgA. The IgG antibodies are passively 
transferred to the mucosal secretions and have proinflammatory and complement-
activating properties that can be counteracted by noninflammatory IgA antibodies [50]. 

Secretory IgA responses are commonly thought to be mediated primarily by Th2 cells. 
After oral immunisation, activated Th2 cells are found in murine Peyer’s patches, 
mesenteric lymph nodes and the lamina propria [51]. Cytokines such as IL-4, IL-5, IL-6 
and IL-10 enhance IgA production [52], [53] and IL-6 appears to be the key cytokine in 
inducing s-IgA. Th2 cells, macrophages and gut epithelial cells are all capable of 
producing IL-6, primarily in the lamina propria [54], [55]. In addition, transforming
growth factor  (TGF- ) provides the main stimulus for B cells to switch antibody class 
expression to IgA [56], [57]. 

Intraepithelial cells (IEL) 

There is a certain lymphocyte population that resides in the mucosal epithelium that 
possesses special features. These cells are known as intraepithelial lymphocytes (IEL); 
more than 80% of small intestinal IELs are CD8+ T cells [58]. The cytotoxic and 
regulatory activities of these cells comprise the first line of defence against mucosal 
infections. Although they are distinct from systemic T cells in many ways, they can be 
broadly categorised into two subsets. Type a includes the thymus-dependent TCR + cells 
that are primed in the systemic circulation and primarily recognise antigens presented by 
conventional MHC class I and II molecules. Type b IELs include TCR +CD8 + and 
TCR + cells that respond to antigens not restricted by conventional MHC [59]; some of 
these are independent of the thymus. The distribution of the subsets varies greatly. Thus, 
IELs in human and murine small intestine are 50% type b and 50% type a, while those in 
the large intestine are 100% type a [60]. Type a IELs can be rapidly activated and provide 
immediate cytolytic and cytokine-mediated responses to local reinfection [61]. The exact 
role of type b IELs is not yet clear. However, they appear to have a regulatory effect on the 
maturation and homeostasis of the gut [62]. 

Homing to the effector sites 

It has been observed that lymphoid cells preferentially migrate into the tissues in which 
they were initially activated (homing). The preferential migration of stimulated 
lymphocytes is partly mediated by chemokines that act as chemoattractants to direct 
migration along chemokine gradients via modulation of cell shape and integrin activity. 
These chemokines contribute to lymphocyte traffic through secondary lymphoid tissues, 
such as lymph nodes, Peyer’s patches and the spleen. Migration is also affected by the 
expression of adhesion molecules on the surface of the lymphocyte and cells associated 
with mucosal tissues such as unique integrin/addressin molecules. Some adhesion 
molecules, such as the intercellular adhesion molecule-1 (ICAM-1), is constitutively 
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expressed on endothelial cells in the airways and help to mediate the influx of leukocytes 
[63]. 

The mucosal addressin cell adhesion molecule-1 (MAdCAM-1) is involved in lymphocyte 
trafficking into mucosal tissues. This molecule is a glycoprotein found on the high 
endothelial venules (HEV) in Peyer’s patches and the mesenteric lymph nodes and 
vascular endothelium of the lamina propria, but not on the HEV of peripheral lymph nodes 
[64]. The expression of MAdCAM-1 on HEV is increased through the effects of cytokines 
such as TNF-  and IL-1 [65]. This upregulation of the adhesin molecules is probably 
promoted by infection. The most common adhesin molecules binding to MAdCAM-1 are 
L-selectin and 4 7 integrin. L-selectin is expressed on small mature lymphocytes, 
monocytes, and neutrophils [66] and cannot bind to MAdCAM-1 found on the 
endothelium of the lamina propria, which indicates that it is mainly involved in the 
circulation of lymphocytes into Peyer’s patches. Expression of the 4 7 integrin molecule, 
which occurs on lymphocytes and monocytes, is increased upon cell activation [67]. Both 
memory cells and plasma cells express high levels of 4 7 integrin and low levels of L-
selectin [68]. Preferential migration of memory and plasma cells with high levels of 4 7
integrin into lamina propria was observed with lymphocytes from human intestinal lamina 
propria e.g. [69], [70]. Thus, the 4 7 integrin molecule is mainly involved in the 
circulation of lymphocytes into the effector site, the lamina propria. Other important 
homing components, such as the chemokine CCL25 that is produced by epithelial cells of 
the intestine e.g. [71], have been shown to attract IgA+ B cells to the intestinal lamina 
propria [72]. 

Regulation of the mucosal immune system

Although the great majority of pathogenic microorganisms enter the body through 
mucosal surfaces, most of the foreign antigens in the intestine are derived from food and 
the commensal microbial flora. Thus, the mucosal immune system has to differentiate 
between destructive agents and harmless substances. This is an important feature for the 
immune system, because unwanted strong immune responses against food antigens or 
commensals could lead to food allergies, chronic inflammation or even autoimmune 
diseases. The development of the mucosal immune response is therefore carefully 
regulated by a number of different cell types.  

It has been suggested that DCs induce tolerance by killing T cells, by causing anergy, or 
by inducing the generation of regulatory T cells [73]. It has also been proposed that if 
there is a lack of danger signals or if self-components are presented, immature DCs do not 
upregulate the proper co-stimulatory signals for activation of T cells [74], [75]. 
Furthermore, different populations of regulatory T cells such as Th3 cells [76], Tr1 cells 
[77] and anergic cells [78] specialise in the supression of immune responses. These cells 
are able to suppress T-cell responses in a cytokine-dependent or a cell-contact–dependent 
manner. Immune-suppressive cytokines include both TGF-  and IL-10. It has also been 
found that tolerance induced via the nasal route is IL-10-dependent [79], while oral 
tolerance appears to be dependent primarily on TGF-  [80]. Both anergic T cells and 
suppressive T cells (CD4+CD25+) express elevated CTLA-4. However, it is not known 
how CTLA-4 is involved in the function of regulatory T cells. One possibility is that if the 
CD80/CD86 expression is low on the DCs due to the lack of danger signals, DCs could 
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bind ligand CTLA-4 on T cells, which could result in an inhibitory signal that would 
otherwise abrogate the suppressive function of regulatory T cells [6] or could lead to 
induction of TGF-  secretion [81]. 

Although it is not yet clear exactly how the choice between an immune response and 
tolerance is made, we do know that the balance between tolerance and immunity is 
carefully regulated by a complex network of regulatory T cells, DCs and also IELs. The 
combination of regulatory cells and DCs ensures that a necessary threshold of 
responsiveness is reached before the initiation of a potentially harmful immune response is 
released. These regulatory mechanisms have to be taken into consideration when 
developing new vaccines that are going to be used at mucosal surfaces. However, the 
possibility of inducing tolerance by mucosal immunization can also be particularly useful 
in the treatment of autoimmune and allergic diseases. 

Nasal-associated-lymphoid-tissue (NALT) and bronchial-associated-lymphoid-tissue 
(BALT) 

Since the nasal mucosa is often the first point of contact for inhaled antigens, interest in 
intranasal immunisation methods has steadily increased. Nasal immunisation has some 
advantages over oral immunisation in that the nasal cavity contains much less degradative 
enzymes and does not have the same low pH as the gastrointestinal tract. It is also highly 
vascularised and relatively leaky, which would favour the uptake of nasally delivered 
vaccines.  

The nasal route of adminstration was used in parts of this thesis (paper III and IV).

NALT has been thoroughly studied morphologically but only in a limited number of 
species. The tissue consists of lymphoid aggregates, containing areas of B and T cells that 
are situated at the nasal entrance to the pharyngeal duct and are covered by an epithelial 
cell layer containing M cells. NALT bears certain similarities to the Peyer’s patches of the 
intestine but the two differ markedly in morphology, lymphoid migration patterns and the 
binding properties of the HEV [82]. NALT also contains intraepithelial lymphocytes, 
macrophages and DCs. In humans and in the pig, the lymphoid aggregates is called 
Waldeyers ring; this includes the nasopharyngeal tonsils or adenoid tissue, the pair of 
palatine tonsils, the pair of tubal tonsils and the linguinal tonsils. The tonsils, which 
contain aggregates of lymphoid cells, are similar to Peyer’s patches in the intestine. 
Waldeyer’s ring is well developed during childhood but starts to disappear during 
adolescence [83]. While NALT is found in the upper airways, immune systems in the 
lower respiratory tract (BALT) include alveolar macrophages, DCs, M cells and IELs. 
Lymphoid aggregates that have similarities to Peyer’s patches have also been found in the 
bronchial wall; these structures appear to be situated near the division of the major 
bronchus [84]. 

After nasal immunisation, there is potential for both humoral and cellular immune 
responses to be developed. The interactions between the antigen and the nasal mucosa and 
NALT will depend on a variety of factors such as the physical nature of the antigen 
(solution or particulate), and the dose and frequency of contact [83]. Small soluble 
antigens are able to penetrate the nasal epithelium where they will interact with DCs, 
macrophages and lymphocytes, drain to the superficial cervical lymph nodes and then 
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drain to the posterior lymph nodes [82]. However, particulate antigens are mainly taken up 
by M cells in NALT and drain to the cervical lymph nodes. These different pathways can 
lead to local mucosal immune responses, systemic responses or tolerance to the antigen. It 
has been found that nasal immunisation generates stronger mucosal immune responses and 
retention of a longer term memory than oral/intragastric immunisation [85], [23]. 
However, it is important to bear in mind that nasal administration in experimental animals 
may also involve other mucosal surfaces. For example, if the dose is large, some of it may 
be swallowed or, if the animals are anaesthetised, some of the dose can reach the lungs.  

Toll-like receptors 

Some of the studies summarised in this thesis (papers I and III) used vaccine components 
that bind to Toll-like receptors; these will be introduced below to clarify the possible 
mechanisms observed in the studies. 

The Toll protein, a type I transmembrane receptor, was first described as a developmental 
protein required for anti-fungal immune responses in the adult Drosophila fly [86]. The 
first mammalian Toll discovered was human TLR1 [87] and TLR4 was the first 
mammalian Toll that was found to have a role in the immune response [88]. These TLRs 
are evolutionarily conserved and homologues are found in insects, plants and mammals. 
To date, ten human and nine murine transmembrane proteins have been shown to belong 
to the mammalian TLR family [3].  

The initiation of an adaptive immune response can take several days to develop and, in the 
meantime, the innate immune response is the first line of defence against invasion and 
growth of pathogens in the host. The major component of the innate immune system is 
phagocytosis by macrophages, neutrophils, and DCs. Recently these cells were shown not 
only to be able to phagocytose pathogens but also to recognise conserved PAMPs through 
TLRs expressed on their cell surfaces e.g. [89]. The recognition of invading pathogens 
through these TLRs triggers production of proinflammatory cytokines and upregulation of 
costimulatory molecules in phagocytes, especially DCs, that finally leads to the activation 
of T cells. These events thus link innate immunity to adaptive immunity. As mentioned 
above, activated T cells can differentiate into two distinct subsets, consisting of Th1 or 
Th2 cells [14]. Bacterial infection activates DCs via stimulation of the TLRs and induces 
mainly Th1-inducing cytokines such as IL-12 which direct the differentiation of T cells 
towards the Th1 cell type. It is not yet known if DCs can stimulate Th2 differentiation 
upon infection with helminths or certain microbes. Consequently TLRs appear to be the 
general adjuvant receptor in the body. 

LPS and TLR4

The most thoroughly characterised PAMP is the endotoxin LPS, a major component of the 
outer membrane of Gram-negative bacteria. LPS is composed of polysaccharides 
extending outward from the bacterial cell surface, plus a lipid portion, lipid A, which is 
embedded in the cell surface. The polysaccharide consists of two regions, a core 
oligosaccharide containing 10-12 sugars, and a polysaccharide chain of repeating units, the 
O-specific chain. LPS can provoke a variety of immunostimulatory responses including 
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the production of proinflammatory cytokines such as IL-12 and inflammatory effector 
substances like nitric oxide. These effects can be ascribed to the lipid A portion of LPS.  

LPS forms a complex with an LPS-binding protein that exists in serum and binds to the 
CD14 receptor on macrophages. This complex presumably activates TLR4 that 
subsequently triggers the innate immune response and also sends alert signals to the 
adaptive immune system. It is now generally accepted that LPS from Gram-negative 
bacteria stimulates inflammatory responses through TLR4 [89]. There are at least two 
mice strains that carry a mutation in the TLR4 gene, resulting in defective responses to 
LPS. The TLR gene isolated from C3H/HeJ mice encodes a histidine residue in place of a 
well-conserved proline in the intracytoplasmic region which augments TLR4 signaling e.g. 
[90]. The other mouse strain, C57BL/10ScCr, contains a chromosomal deletion in the 
TLR4 genomic locus. 

Flagellin and TLR5 

Flagellin is another interesting PAMP that is known to bind to TLR5 [91]. Flagellin is the 
monomeric subunit of flagella, which are surface extensions on a wide range of bacteria 
that assist motility. Flagella are composed of three major components: a rotary motor (the 
basal body complex) that is inserted in a ring structure in the peptidoglycan and LPS cell 
wall layers, a flexible universal joint (the hook) and a whip-like filament (Fig. 3). The 
hook and the filament are extracellular structures. The motor converts chemical energy 
into the mechanical force that rotates the hook that in turn transmits torque to the filament 
[92]. The filament, which can be up to 15µm long, is made almost entirely of polymerised 
flagellin subunits. The filament also has a cap complex that functions as a chaperone to 
facilitate filament assembly. The flagellin protein has three globular domains. The D1 
domain forms the inner core of the flagellar filament and consists of evolutionarily 
conserved -helical regions of the amino and carboxyl termini; this domain is required for 
assembly of the filament. The D2 and D3 domains are encoded by the central region of the 
flagellin gene, and are less well conserved in different bacteria [93]. These domains make 
up most of the external surface of the flagellar filament, which is a common target of host 
antibody responses, and form the molecular determinants of the so called H-antigen, that is 
widely used for subtyping bacterial strains. Evasion of antibody-mediated immune 
responses is believed to drive antigenic variation in the D2 and D3 domains. 

Enteric bacteria 

Enteric Gram-negative pathogens cause large numbers of cases of diarrhoea and enteric 
fever and more than three million deaths each year. These enteric pathogens are closely 
related genetically. The species E-coli and Salmonella shared a common ancestor from 
about 140 Myr ago. Shigella also appears to be related to Escherichia while Yersinia and 
Vibrio are more distantly related. These bacteria have the capacity to exchange genetic 
information with each other and spread transmissible genetic elements comprising 
encoding virulence genes. These elements include plasmids, bacteriophages and 
pathogenicity islands [94]. 
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Figure 3. Flagellum (a) and the globular domains (b) of flagellin (derived from Genbank 
Protein Structure Data Bank (accession code 1I01) 93 .

Salmonella as a pathogen and its invasive mechanisms 

Salmonella enterica is a complex Gram-negative facultative intracellular bacterium that 
preferentially resides inside macrophages when infecting mammalian hosts. The genus 
Salmonella is very heterogeneous, comprising almost 2500 serotypes, of which only a few 
are major human pathogens. While Salmonella species are genetically quite similar, they 
possess surface antigens such as LPS and flagella that have diverse structures. As both 
LPS and flagellin antibodies can be detected in infected individuals, serotyping of the 
bacterium has been used to distinguish between the Salmonella strains. This serotyping 
has also been useful for identification of outbreaks of Salmonella and tracing transmission 
routes [95]. However, the correlation between the serovar for a specific strain and its 
virulence properties and host range is poor [96], [97]. In an attempt to clarify the situation, 
phylogenetic relationship within the genus have been studied and classified Salmonella
into two species, Salmonella bongori and enterica; S.enterica was then further subdivided 
into seven subspecies: I, II, III, IV, V, VI, and VII [98]. Strains belonging to subspecies I 
are the only group that can effectively infect warm-blooded organisms; this subspecies 
includes the serovariants Typhimurium, Enteritidis, and Typhi [99].  

Salmonella is transmitted mainly through contamination of food (especially eggs and 
poultry) and water. In humans, there are two main diseases caused by Salmonella. Typhoid 
fever, caused by S.typhi and related strains, is a systemic disease that causes febrile 
symptoms. Gastroenteritis, caused by strains such as S. typhimurium and S.enteritidis, is 
more or less located in the gastrointestinal tract with symptoms such as diarrhoea and 
vomiting that are usually resolved in up to a week. S.choleraesius causes an invasive 
disease with febrile-like symptoms. Chronic asymptomatic colonisation of Salmonella can 
also occur [100]. 

a b 
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Salmonella shows an unusual variety in its choice of host. For example, in humans, 
S.typhimurium causes gastroenteritis while, in mice, it causes a typhoid-like disease. 
Therefore, S.typhimurium infection in mice has been accepted as an experimental model 
for typhoid fever in humans. In contrast, S.typhi infection is restricted to humans and 
higher primates. Swine and poultry are other species that can be infected by Salmonella
and while some Salmonella strains are very host specific, others can cause disease in a 
variety of hosts.  

The most severe form of Salmonella infection in humans is typhoid fever, which infects 
more than 16 million people and causes 600 000 deaths anually worldwide [101]. 
However, the incidence of typhoid fever infections is declining, while that of other 
Salmonella infections such as gastroenteritis is increasing rapidly. This could be seen as a 
threat to human health, as Salmonella species are also becoming increasingly resistant to 
most antibiotics and can also cause serious disease in immunocompromised individuals 
such as those with AIDS or transplanted organs [102].  

When the Salmonella bacteria enter their host through the gastrointestinal tract, the initial 
step is attachment to the intestinal epithelium. Surface structures on Salmonella and E.coli,
such as fimbriae or pili, contain adhesin properties that can bind to different 
oligosaccharide receptors on the cell surface in specific animal species [103]. At least four 
of these structures have been genetically identified: type 1 fimbriae, plasmid-encoded 
fimbriae, long polar fimbriae, and thin aggregative fimbriae (curli). It has even been 
hypothesised that fimbriae might be involved in the recruitment of neutrophils to the site 
of infection [103]. However, not all fimbriae are associated with virulence. In addition 
type I fimbriae in Salmonella and E.coli can undergo phase variation between a fimbriated 
and a nonfimbriated state [104]. Long polar fimbriae [105] and the curli fimbriae [106] 
seem to be more directly involved in infection; the role of the plasmid-encoded fimbriae in 
causing infection is unclear. Thus, the Salmonella bacterium appears to have several back-
up systems to ensure that it comes into close contact with the cells of the host. However, 
these fimbriae can be expressed in different stages during the Salmonella infection [107]. 

When the Salmonella bacterium invades the intestinal epithelium it seems to prefer to 
enter through the M cells [108]. However, epithelial cells in the intestine can also be 
invaded by Salmonella [109]. The mechanisms of Salmonella invasion are very complex 
and different genes responsible for it have been found to reside in pathogenicity islands as 
well as in a bacteriophage. One of these islands is the Salmonella pathogenicity island I 
(SPI-I) that also encodes for a protein delivery system (termed type III secretion system), 
which injects bacterial invasion proteins through a needle complex into the host cells. One 
of the functions of these proteins is to induce actin cytoskeleton rearrangements, or 
membrane ruffling, which leads to the uptake of the bacterium into a membrane-bound 
compartment while other proteins induce the production of a diversity of proinflammatory 
cytokines that recruit neutrophils (reviewed by [110]).  

Once Salmonella has crossed the intestinal barrier, the outcome of the infection depends 
on both the species of Salmonella and the infected host. With gastroenteritis, Salmonella
mainly remains in the intestinal epithelium and the gut-associated lymphoid tissues 
(GALT). With typhoid fever, Salmonella resides within macrophages and systemically 
invades deeper tissues such as the liver and the spleen. When Salmonella organisms 
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inhabit macrophages, another system, SPI-II, appears to be activated; phagosomes 
containing Salmonella fail to fuse with lysosomes which would result in degradation of the 
bacteria, allowing the bacteria to replicate (reviewed by [111]). Furthermore, other 
components that are important for the survival of Salmonella inside macrophages are 
found within a large plasmid (not in S.typhi) [112]. It is well documented that Salmonella
also has the ability to trigger apoptosis in some cells, including macrophages [113], but it 
has also been suggested that this Salmonella-induced macrophage death is neither 
apoptotic nor necrotic in its nature [114].

Induction of immune responses to Salmonella 

The innate immune system plays an essential role in the early response to Salmonella and 
may be enough to control progression to disease in most subclinical infections e.g. [115]. 
The importance of macrophages and polymorphonuclear neutrophils in the early response 
to Salmonella is well documented [116], [117]. The induction of cytokines such as IFN-
and TNF-  appears to activate macrophages for the destruction of Salmonella bacteria 
during the early stages of a Salmonella infection [118], [119]. The importance of IFN-  in 
the control of Salmonella was demonstrated in mice deficient in the IFN-  receptor [120]. 
These mice were highly susceptible to attenuated Salmonella. Other studies have indicated 
that IFN-  is crucial mainly in the initial stages of Salmonella infection [121], [122]. In 
addition, Th1 cells produce large amounts of TNF- , which is also crucial for immunity 
against S.typhimurium, since neutralisation of TNF- Salmonella infection can result in a 
fatal outcome [123], [124]. 

Effective removal of Salmonella bacteria also requires natural resistance associated 
macrophage protein (NRAMP1), a transmembrane protein that is expressed in 
macrophages. In Balb/C mice with defective NRAMP1 structure, the macrophages are less 
able to kill Salmonella bacteria, and these mice are therefore highly susceptible to 
infections that require effective killing by macrophages [125], [126].  

In the initial stages of the infection, cell wall components or surface structures such as LPS 
and flagellin can induce the expression of proinflammatory cytokines (TNF- , IL-1, IL-6, 
IL-12, and IL-18) via signalling through Toll-like receptors. These cytokines and 
chemokines recruit cells of the immune system e.g. [127]. IFN-  is produced by NK cells, 
macrophages, B cells, and specialised T cell populations, such as NK T cells in this initial 
stage e.g. [128], [129]. Both macrophages and DCs produce IL-18 and IL-12, which in 
turn induce IFN-  production and also polarise the T-helper response to a Th1 response. 
These Th1 cells are probably the major source of IFN-  during later stages of the infection.  

These innate immune responses are enough to restrict the initial growth of Salmonella
bacteria, but an adaptive immune response with specific lymphocytes is required to 
effectively eliminate the bacterium from the host.  

CD4+ T cells have an important role in clearing Salmonella infection, while CD8+ T cells 
appear to be less important [124], [130]; depletion of CD4+ T cells had a more 
pronounced effect on the control of primary Salmonella infection and on protection 
induced by vaccination with attenuated strains of S. typhimurium.
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It appears that the CD8+ T cell fraction is restricted, not by classical MHC class I 
molecules, but by the non-classical MHC class Ib molecule, Qa-1, and that these CD8+ T 
cells recognise not only Salmonella infected cells but also cells infected with other Gram-
negative bacteria [131].  T cells seem to be far more important for protection against 
Salmonella infection than T cells [132] but these cells could gain some importance in 
the IEL fraction [133]. Furthermore, as S. typhimurium is a facultative intracellular 
bacterium, lysis of infected cells by CTL would release bacteria from their protective 
habitat, rendering them accessible by activated phagocytes. There have been several 
reports that have described CTL responses against S.typhimurium-infected cells [131], 
[134] 

The role of antibodies during different stages of infection and in protection is not 
completely understood. It is, however, evident that infection of mice with S.typhimurium
results in an extensive antibody response against both non-protein antigens, such as LPS, 
and protein antigens [135]. It should be stressed that the interpretation of results from 
studies performed with different Salmonella and mouse strains is not an easy task as the 
differences in virulence and host responses make it extremely complex. However, it is 
evident that both humoral and cellular immune responses are required for successful 
protection in susceptible mice [136].  

Antibodies like IgM and IgA in the mucosa can provide protection by binding to the 
pathogen in the intestine and preventing its penetration into deeper tissues. In fact, B-cell 
hybridomas that produce Salmonella-specific IgA can prevent oral infection of mice [42]. 
In spite of the presence of these Salmonella- specific IgA antibodies in the intestine, 
Salmonella bacteria can still gain access to deeper tissues like the liver and the spleen. In 
such a case, systemic Salmonella- specific antibodies could enhance bacterial engulfment 
via Fc-receptor mediated phagocytosis [137], activating macrophages to increase their 
bactericidal activities [138]. Also, complement fixation on the bacterial surface could 
promote complement-receptor-facilitated uptake by phagocytes [139]. 

Salmonella can survive and replicate in both macrophages and DCs e.g. [140], [141]. 
Paradoxically, these phagocytic cells are also responsible for processing and presenting 
peptides from the invading bacterium. Salmonella- infected macrophages that undergo 
Salmonella-induced apoptosis are a source for DCs which can then engulf this apoptotic 
body and present Salmonella peptides on both MHC-I and MHC-II [142]. While DCs are 
able to migrate to T cell areas in secondary lymph nodes and to upregulate MHC and co-
stimulatory molecules upon encountering the bacterium/antigen [143], macrophages 
appear to have limited capacity for migrating to these sites or upregulating the molecules 
that are essential for activation of naïve T cells [144]. Therefore, it has been suggested that 
DCs activate naïve T cells most effectively.  

Adjuvants for mucosal vaccination 

The route of invasion for most pathogens is via the mucosal surfaces, which include the 
lungs, nose, vagina and lining of the gastrointestinal tract. Therefore, the ability to induce 
high titres of s-IgA could be important for protection against challenge by many infectious 
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agents. Parenteral injections of antigens are usually ineffective at stimulating production of 
s-IgA, which is most effectively induced by mucosal immunisation. 

Mucosal immunisation studies have mainly focused on the oral and nasal routes. Both 
these routes were used in this thesis; rCTB was used as a mucosal uptake enhancer in the 
intranasal as well as in subcutaneous immunisations. 

The development of new vaccine adjuvants for mucosal vaccination has been intensively 
investigated for at least 20 years. However, the only currently registered mucosal vaccines 
for humans are still whole cell vaccines. Such vaccines include bacterial vaccines against 
cholera and typhoid fever, and viral vaccines against polio and influenza A.  

Nonetheless, attenuated Salmonella has been widely used as a live-vector vaccine for 
delivery of heterologous epitopes in experimental animals, since it is effective against 
mucosal pathogens, especially those requiring Th1-cell-dependent immunity e.g. [145], 
[146]. The problems associated with whole cell vaccines were discussed earlier; an 
alternative to these is subunit vaccines that require adjuvants to potentiate their effects.  

Particulate adjuvants 

Polymer-based microparticles offer a number of potential advantages for mucosal 
delivery. The antigen may be incorporated or conjugated to the polymer and is thus 
protected from hostile environments such as that of the gastrointestinal lumen. 
Biodegradable microparticles have been extensively studied; polylactide-co-glycolide 
(PLG) microspheres have commonly been used as the mucosal vaccine carrier system 
[147], [148], [149]. These microspheres with entrapped Bordetella pertussis antigens 
offered protection from a challenge with the bacterium when they were administered by 
the oral route e.g. [150], [151]. The PLG microparticles slowly degrade into lactic and 
glycolic acids, which provides sustained release of the incorporated antigens. The rate of 
degradation is determined by the ratio of lactide to glycolide within the copolymer; it is 
possible to adjust this ratio to suit the required release profile [152]. 

Immune-stimulating complexes (ISCOMs) are also used as particulate carriers in mucosal 
immunisation studies; these are three-dimensional cages 30-70 nm in diameter formed by 
the interaction of lipids, cholesterol and saponin, the latter being a potent immunoadjuvant 
[153]. It is generally considered that ISCOMs are the most potent adjuvants for inducing 
CTL responses. ISCOMs have been used in a wide range of vaccination studies and are 
useful for intranasal vaccinations, including vaccination for influenza virus [154].

Liposomes have also been studied as potential mucosal adjuvants. These are composed of 
bilayered or multilayered phospholipid vesicles with typically range in size from 0.01 to 
150 µm. The antigen is incorporated either into the central aqueous space (hydrophilic 
antigens) or into the phospholipid bilayer (hydrophobic antigens). As liposomes are 
susceptible to degradation within the gut lumen, they have been chemically modified 
[155], or polymerised so that the phospholipids of the bilayer are cross-linked by covalent 
bonds [156]. Liposomes have also been used in nasal vaccinations in both mice and 
humans [157], [158].  
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Toxins as mucosal adjuvants 

However, the most potent mucosal adjuvants currently available are the bacterial toxins 
from Vibrio cholerae and Escherichia coli, cholera toxin (CT) and heat labile enterotoxin 
(LT), respectively. Both these toxins consist of a single A subunit that is attached to a 
pentameric B subunit (CTB). The B subunit from CT binds to the ganglioside GM1 
expressed on most nucleated cells and accommodates the entry of the A subunit into the 
cell. The A subunit activates adenylate cyclase, which then leads to increased levels of 
intracellular cAMP e.g. [159] which later induces severe diarrhea due to hyper-secretion of 
salt and water [160]. This obviously makes CT and LT ultimately unsuitable as adjuvants 
in vaccine formulations. Recently, however, site-directed mutagenesis has permitted the 
generation of LT and CT mutants that have reduced toxicity, but still retain significant 
adjuvanticity when given by the nasal or even to some extent by the oral route [161].  

The B subunits of CT and LT have been used as carrier molecules and mucosal adjuvants, 
depending on the route of administration. Both CTB and LTB are effective adjuvants 
when administered via the nasal route, but seem to be less effective when coadministered 
with non-conjugated antigens by the oral route. It has also been found that CTB may be 
able to induce systemic tolerance when given by the mucosal route e.g. [162]. While the 
mechanisms behind the adjuvant effect of CTB are not clear, it is thought to enhance the 
uptake of the conjugated antigen by binding to the GM1 receptor; in addition, CTB has 
been shown to upregulate costimulatory molecules on DCs [163]. Early studies using CTB 
as an adjuvant indicate the presence of trace amounts of the holotoxin that could have an 
effect on the immune response. Today, recombinant CTB (rCTB) is a constituent in an 
oral cholera vaccine for human use [160]. CTB has been used in nasal vaccination studies 
in both mice and humans and appears to be effective in inducing both systemic and 
mucosal immune responses (vaginal, intestinal and nasal) e.g. [164], [165]. 

One of the drawbacks of nasal vaccination is that nasally administered vaccines may be 
able to gain access to the brain through primary sensory olfactory neurons. This is an 
already established pathway for certain viruses [166]. Indeed, several studies have 
observed that CT or CTB, together with tetanus toxoid can gain access to the CNS after 
nasal administration, by binding to the GM1 receptor [167]. However, another study 
showed that nasally administered CTB or LTB supplemented with trace amounts of the 
holotoxin did not induce histological changes in brain tissue [168]. The possibly toxic 
effects of these toxins obviously have implications for their use as mucosal adjuvants that 
will have to be considered when developing nasal vaccines. 

Salmonella typhoid vaccines 

There are currently two types of typhoid vaccines on the market. Ty21a [169] is currently 
the only licensed live oral typhoid vaccine [170]. This attenuated strain was developed in 
the early 1970s by chemical mutagenesis of wild-type strain Ty2. Besides its mutation in 
galE and inability to produce Vi capsular polysccharide, it appears to contain additional 
unidentified mutations. Protection against S.typhi is mediated by mucosal and serum 
antibodies as well as by a cell-mediated immune response [171], [172]. The antibodies 
appear to be mainly directed against O-antigen, the O-polysaccharide moiety of bacterial 
LPS. A strong systemic CD4+ T-helper response with IFN-  production in the absence of 
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IL-4 has been induced through vaccination with Ty21a. In addition, a strong CD8+ 
cytotoxic T-cell response that can lyse infected cells was elicited [173]. 

Purified Vi polysaccharide vaccine is given by the parenteral route and does not give rise 
to an increased antibody titre in serum, which means it is a T-cell-independent antigen that 
gives a fairly short-lived immune response [174]. However by conjugating the Vi 
polysaccharide to a carrier protein, Vi behaves like a T-cell-dependent antigen and gives 
rise to higher antibody titres with booster injections e.g. [175]. 

Polyacryl starch microparticles 

These microparticles have been developed in our group; for more detailed information the 
reader is referred to references cited here [176], [177], [178 , 179].  

Polyacryl starch microparticles are prepared from a hydrolysed starch (maltodextrin, MD6, 
MW around 5000), which is acryloylated by allowing glycidyl acrylate to react with the 
starch. The acrylic groups mainly conjugate to the primary hydroxyl groups at position 6 
of the glucose unit in starch and the degree of derivatisation is defined as the number of 
acryloyl groups per glucose residue [180] (Fig. 4).  

Polyacryl starch microparticles are formed by radical polymerisation of acrylic monomers 
using ammonium-persulphate and N, N, N´, N´-tetramethylethylenediamine (TEMED) as 
initiators in a water-in-oil emulsion. The size of the microparticles is determined by using 
a laser diffractometer (LS 230; Coulter Counter); the particles in this thesis had a diameter 
of about 2-3 µm, based on the number distribution.  

The antigen is conjugated to the microparticles by activation of the hydroxyl groups on the 
starch with carbonyldiimidazol (CDI), and subsequent reaction of these with primary 
aminogroups on the protein [181]. The conjugation of the protein to the microparticles 
does not seem to increase the size of the microparticles. It has also been shown that the 
activation and conjugation of the microparticles slow down the hydrolysis process by 
amylases, which is the degradation pathway for the microparticles (unpublished 
observations).  

These starch microparticles have been used as drug delivery devices for compounds such 
as antiparasitic drugs and cytokines such as IFN-  [182], [183], [184], [179]. They also 
possess adjuvant properties when conjugated with HSA as a model antigen and given 
parenterally or orally to mice [185], [186]. However, they are not inherently immunogenic 
[187]. In addition, when injected by the intravenous (iv) route the microparticles are 
typically distributed to mononuclear phagocytes and finally end up in lysosomal vacuomes 
of Kupffer cells in the liver [188], [189].
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Figure 4. Preparation and conjugation of the polyacryl starchmicroparticles.  

Uptake of vaccine carriers at mucosal membranes

The uptake of inert particles by the gastrointestinal epithelium has been thoroughly 
investigated. As early as 1926, it was found that the site of uptake of colloidal dyes was 
the Peyer’s patches following oral administration in rats (reviewed in [190]). Particulate 
matter, depending on the size and surface characteristics of the particles, appears to be 
taken up preferentially by the M cells of the Peyer’s patches, the portal of intestinal 
lymphatic entry, but are also taken up through normal enterocytes. The apical membranes 
of M cells seem designed to promote adherence and uptake of macromolecules, particles 
and microorganisms. They have variable microvilli and lack a thick brush border 
glycocalyx [191], [192] and integral membrane hydrolytic enzymes [193] which make 
them particularly accessible to luminal particles. However, there are structures other than 
Peyer’s patches that may contain M-cell-like structures. Isolated lymphoid follicles are 
similar in their structure to Peyer’s patches [194].

For particles to be taken up at mucosal surfaces, they first have to diffuse through the 
mucus, which can differ in thickness depending on the site and cell population lying 
underneath, and then initiate contact with the enterocyte or M cell. Intrinsic factors of the 
particle such as size, and surface characteristics like hydrophobicity, charge and adhesive 
properties, all influence the absorption of the particle by the epithelium.  

CH2OH

H
OH

H

H

OH

H O H

OO

CH2

H
OH

H

H

OH

H O H

OO

CH2OH

H
OH

H

H

OH

H O H

O

Acryloylation of starch
with glycidyl acrylate

pH 8.5

Cross-linking by radical
polymerization with
ammoniumperoxodisulp
hate and TEMED as
initiators

Polyacryl starch
microparticle

 ~ Ø 2-3 m

N
N N

N

O

Activation with CDI

N
N

O

OPolysaccharide

Conjugation of
protein to the
starch at pH 8.6

O

O

NHRPolysaccharide

O O

OH

O

Polysaccharide



30

Several studies have been conducted with nano- and microparticles of various sizes and 
surface characteristics. It has been shown that smaller polystyrene particles (hydrophobic) 
in the nanometer range (<100nm) are more easily taken up in the rat intestine than larger 
particles, while the larger ones (>1µm) were exclusively taken up in Peyer’s patches [195]. 
Other reports that have used a more hydrophilic particle, PLGA, also showed that larger 
particles (>1µm) were taken up in the Peyer’s patches while uptake of the smaller ones 
(100nm) was significantly greater in the rat intestine [196]. This indicates that particles in 
the micrometer range are more or less destined to be taken up by specialised cells like M 
cells, while smaller particles in the nanometer range can be taken up by normal 
enterocytes. It also appears that the affinity of hydrophobic particles to M cells is higher 
than that to absorptive epithelia. However, there are conflicting results regarding the 
uptake and surface charge of the particles. Most studies claim that a positively charged 
particle surface increases the uptake of the particles [197], possibly enhanced by capture of 
the particle by the negatively charged mucins in mucus. In contrast, studies with more 
hydrophilic particles show an increase in uptake if the particle surface is negatively 
charged [198]. These rather confusing findings emphasise the complexity of the uptake of 
particles and the difficulties in interpreting the results of different study designs. 

The main pathway for particle uptake is transcellular; paracellular pathways and 
persorption are less common [199], [200]. The endocytotic transcellular process occurs by 
membrane vesicles being pinched off from plasma membrane, internalising the engulfed 
extracellular material. The type of membrane vesicle depends on the type and binding 
properties of the engulfed material. Particle uptake in normal epithelia occurs with the 
actin-dependent formation of phagosomes, while extracellular fluid and receptor-bound 
ligands form clathrin-coated vesicles [201]. The uptake of microparticles into M cells is 
probably mediated by macropinocytosis or phagocytosis [202]. 

There are some major problems with the interpretation of the results from in vivo uptake 
studies, as there are large variations between animals and also between species concerning 
the number of Peyer’s patches. It is also difficult to quantitate the uptake of particles in 
uptake studies performed in vivo, although this can more easily be achieved in studies 
performed in cell culture models. Transepithelial transport of particles has also been 
studied in ex vivo models; it is important to monitor the viability of the excised tissue in 
these models, in order to obtain reliable transport data.

There are several techniques available for the visualisation of particle uptake. These 
include light, fluorescent  and electron microscopy, or fluorescence-activated cell-sorting 
(FACS) (see review by [203]). Microscopy, especially confocal laser scanning microscopy 
(CLSM) and transmission electron microscopy (TEM), are valuable tools for investigating 
the presence and locality of particles in the mucosal tissue.  

Uptake of particles has mainly been investigated in the intestine; uptake over the nasal 
mucosa is less well known, despite the recent increase in interest in the nasal route. Nasal 
immunisation with antigen entrapped or adsorbed to microparticles has demonstrated 
significant adjuvant effects [204], [205] and the uptake of 1.7µm PLG microparticles 
[206] or 1µm latex microparticles [207] has been demonstrated in rodent models.  
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THE PRESENT INVESTIGATION 

Most pathogens gain access to their hosts through mucosal surfaces. New mucosal 
adjuvants should therefore facilitate uptake of antigens into immunoreactive mucosal 
tissues such as Peyer’s patches in the intestines. Polyacryl starch microparticles are an 
attractive alternative to whole cell vaccines since protective subunit components derived 
from pathogens can be conjugated or entrapped in the microparticles. 

Aims of the thesis 

To evaluate the mucosal adjuvant capacity of polyacryl starch microparticles.  

To study the uptake of the microparticles at mucosal tissues. 

To find suitable components to be included in a vaccine against Salmonella or in a 
future combination vaccine against enteric bacteria such as enterotoxigenic Escherichia 
coli (ETEC). 

To evaluate the use of the microparticles in oral boosters following parenteral priming, 
a situation which could be clinically useful in humans. 
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RESULTS AND DISCUSSION 

Salmonella vaccination studies 

One of the important key components in a vaccine is naturally the antigen. During the 
development of subunit vaccines, it is necessary to identify the appropriate components 
that induce a long lasting immune response with the capacity to protect against the actual 
infection. Suitable antigen candidates can be obtained by studying the specificity of serum 
antibodies derived from infected individuals. These antigen candidates should preferably 
be derived from conserved structures within the pathogen. When the essential components 
of a vaccine have been found, they need to be produced and purified in a reproducible way 
to ensure consistency between vaccine batches. However, a discussion of the various 
approaches to producing and purifying antigens is beyond the scope of this thesis. 
Nevertheless, parts of the thesis discuss identification of protective antigens and also to 
some extent purification of the selected antigens on a small scale basis. The studies 
described in this thesis investigated the adjuvant capacity of polyacryl starch 
microparticles in mice and possible protective antigens for inclusion in an oral vaccine 
against an enteric pathogen like Salmonella. These vaccination studies include a range of 
measurements of the immune response. During the experiments, serum and faeces from 
mice were analysed for antigen-specific antibodies by enzyme-linked immunosorbent 
assay (ELISA). Some experiments measured the cellular immune response using a DTH 
test and some experiments investigated the cytokine profile in primed splenocytes 
stimulated in vitro. The mice were also orally challenged with Salmonella enteritidis as a 
measurement of protection after immunisation with different vaccine formulations and 
routes of administration. Details regarding methodology can be found in the papers listed 
in this thesis. Group compositions are outlined in table 1 and the experimental setup is 
shown in Fig. 1.  

Figure 1. Experimental setup. Thick arrows indicate timepoints for oral and nasal 
immunization. The parenteral groups received the immunizations on day 0, 21 and 41. 
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Table 1. Group composition in the vaccination studies. p.o. = orally, i.m. = 
intramuscularly, s.c. = subcutaneously, i.n. = intranasally; naïve mice were used as 
controls. rCTB = recombinant cholera toxin subunit B.  

Administration 
route 

Paper I 

Balb/C mice

Paper III 

C3H/HeJ mice

Paper IV 

Balb/C mice

p.o. Free secreted 
antigens Free flagellin 

SafB/D and rCTB 
conjugated 
microparticles 

p.o. Antigen-conjugated 
microparticles 

Flagellin-
conjugated 
microparticles 

-

p.o.
Free secreted 
antigens + 
microparticles 

Free flagellin + 
microparticles -

i.m/s.c. Free secreted 
antigens 

Free flagellin + 
rCTB Free SafB/D + rCTB 

i.m./s.c. Antigen-conjugated 
microparticles 

Flagellin-
conjugated 
microparticles 

SafB/D and rCTB 
conjugated 
microparticles 

i.n. - Free flagellin + 
rCTB Free SafB/D + rCTB 

The search for protective components in a subunit vaccine against an enteric pathogen 

In the first study (paper I), secreted proteins from Wild-type S.enterica serovar Enteritidis 
were used in mucosal and parenteral immunisations of Balb/c mice. In contrast to many 
other vaccination studies, where attenuated Salmonella whole-cell vaccines were used, 
secreted proteins (Fig. 2) were conjugated to the microparticles or used in free form. The 
purpose was to investigate whether the starch microparticles could function as an adjuvant 
in oral vaccination, and also to identify protective components from the cocktail of 
proteins. The specificity of the humoral response was analysed using Western blotting and 
the results are shown in Fig. 3a and b. A relatively small number of immunogenic protein 
bands was detected, particularly in sera from mice that received the Salmonella antigens 
orally, whereas the intramuscular groups showed antibodies against a larger number of 
protein bands ranging from approximately 30 to 60 kDa. Three distinct bands, with 
estimated molecular weights 53, 56 and 60 kDa, dominated in the oral groups. These three 
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bands were further analysed with electrospray mass-spectroscopy after trypsin digestion 
[208]. These peptides were consistent with those present in phase 1-flagella. The same 
flagella-related protein bands as those seen in sera also dominated the mucosal IgA 
response, as detected in faecal samples and shown in Fig. 3b.  

Figure 2. Electrophoretic analysis on SDS-PAGE 12% with Coomassie Brilliant Blue 
staining: Molecular weight markers (lane 1), Salmonella antigens from pooled cultures 
before conjugation to the microparticles (lane 2), Salmonella antigens from the 
supernatant remaining after the conjugation (lane 3), Salmonella antigens from a single 
culture (lane 4). 

As this Gram-negative bacterium also contains LPS, which is a very potent immune 
stimulator, it was likely that the strong immune responses obtained were further 
strengthened by the presence of LPS. Therefore additional analyses were done to 
investigate if this was the case in our study. Limulus amoebocyte lysate (LAL) tests were 
performed according to the European Pharmacopoeia with method A. The free antigen 
solution and the antigen-conjugated microparticles were analysed for their content of LPS. 
The free antigen sample had high levels of LPS while the antigen-conjugated 
microparticles contained approximately 1200 times less. When further analyses of sera 
with the more sensitive LPS-ELISA were performed, the systemic antibodies to LPS were 
mainly found in the groups that had received free antigens. The faecal samples showed 
very low values of LPS antibodies, which were only detectable in the groups that had 
received free antigen orally. In summary, the first study shows that the humoral systemic 
and mucosal immune responses are mainly directed against flagella-related protein 
components. 

kDa
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Figure 3. Western blot analysis on sera from day 35 and fecal samples from day 28 against 
extracellular antigens from Salmonella  enteritidis. a) The sera were diluted 1:50 000. Sera 
were obtained from mice immunized with antigen-conjugated MP orally (lane 2), free 
antigen orally (lane 3), MP + free antigen orally (lane 4), antigen-conjugated MP 
intramuscularly (lane 5) and free antigen intramuscularly (lane 6), respectively. Lane 1 
shows molecular weight markers.b) The feces extracts were diluted 1:5. The samples were 
obtained from mice immunised with antigen-conjugated MP orally (lane 1), antigen-
conjugated MP intramuscularly (lane 2), free antigen orally (lane 3). 

The choice of continuing to study purified flagellin was further strengthened by the 
knowledge that anti-flagellar antibody responses were detected in both mice inoculated 
with attenuated S. typhimurium intravenously and humans diagnosed with typhoid fever 
[135]. In addition, a human study using live oral Salmonella-Shigella hybrid vaccines 
demonstrated that protection was provided by batches of vaccines in which bacteria 
reacted with anti-flagellar serum, while batches of vaccine that did not react with anti-
flagellar serum failed to provide protection [209]. We therefore considered flagellin to be 
an interesting candidate for a subsequent vaccination study. The flagellin was purified 
from the same strain used in the first study by using the method of Ibrahim et al. [210] 
(Fig. 4 a) (the purified flagellin was then used in a mucosal vaccination study). To avoid 
any potential influence from LPS, the vaccination was conducted in C3H/HeJ mice (paper 
III) that are unable to respond to LPS [211]. Immunoblotting analysis of sera obtained 
from mice immunised with flagellin against secreted proteins from Salmonella showed 
two bands between 50 and 60 kDa (Fig. 4 b). These bands were similar to those detected 
in mice immunised with secreted Salmonella antigens in the first study, which originated 
from flagellin. 

One more Salmonella study was performed (paper IV) with another surface component 
from Salmonella, namely Salmonella atypical fimbriae (Saf). Fimbriae are fibrous 
organelles expressed on the surface of Gram-negative bacteria that mediate attachment to 

kDa

kDa

a b
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host tissues [212]. The hypothesis behind this study was that antibodies induced against 
fimbriae components would bind to the bacterium, thus preventing it from binding to the 
epithelium, with subsequent protection against infection. For example, this was the case 
with antibodies induced against FimH-adhesin expressed in uropathogenic E.coli e.g.
[213]. 

Figure 4 a. Electrophoretic analysis of purified flagellin from Salmonella enteritidis using 
SDS- PAGE (12%) with Coomassie brilliant blue staining. Lane 1: molecular mass markers; 
lane 2: purified flagellin showing one major band at 50-60 kDa. b, Western blot analysis of 
sera from mice immunised with the high dose of flagellin, two weeks after booster, against 
extracellular antigens from serovar Enteritidis. Lane 1: molecular mass markers and lane 2: 
sera from the group receiving flagellin intranasally, diluted 1:100 000; this sample is 
representative of all immunised groups.

Saf were chosen because they are specifically expressed by Salmonella enterica
subspecies I [214]. The saf operon is organised into four contiguous genes that encode 
fimbrial subunit (safA), periplasmic chaperone (safB), outer membrane usher protein 
(safC) and alternative fimbrial subunit (safD), respectively. SafB and SafC most closely 
resemble chaperones and ushers involved in the biosynthesis of atypical adhesive 
structures and so called afimbrial adhesins, while SafA and SafD are proteins forming the 
extracellular fimbrial structure. Because the SafA gene sequence is highly variable, the 
encoded protein is unsuitable for a broad range Salmonella vaccine. Conversely, SafD is a 
conserved protein within Salmonella enterica subspecies I and was therefore thought to be 
an appropriate candidate for vaccine development. 

Recombinant histidine-tagged SafB chaperone complexed with SafD adhesin was 
expressed in Escherichia coli and purified. The SafB and SafD monomers were clearly 
visible as separate bands at 25 kDa and 16 kDa, respectively (Fig. 5 a). SafB dimer and 
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SafB/D complexes were also apparent at higher molecular bands, i.e. 50 and 75 kDa, 
respectively. The specificity of the immune response was also analysed using Western 
blotting. Immunoblots of the sera obtained on day 35 showed the presence of antibodies 
directed against both SafB and SafD in all the groups, except in the orally immunised 
group and the controls (Fig. 5 b). 

a b 

Figure 5 a. Separation of purified SafB/D antigen on a SDS-PAGE gel (15%) with 
subsequent silver staining. b, immunoblots of pooled sera from ten mice on day 35. Lane 
A: serum from mice immunised intranasally with SafB/D + rCTB; Lane B: serum from 
control mice. Similar results to those shown in lane A were obtained using serum from 
mice in the other groups.  

Mucosal immunisation with surface components from Salmonella induces strong systemic 
humoral immune responses with a mixed Th1/Th2 profile 

The secreted antigens from Salmonella in paper I gave rise to a strong systemic IgM+IgG 
response in all groups of mice, as shown in Fig. 6 a. The strongest response was obtained 
in the groups that received the antigens conjugated to the starch microparticles, but free 
antigens – even when administered orally – also gave a good IgM+IgG response. The 
response was to a large extent directed against LPS in the groups that received free 
antigens. In contrast, the groups that had received antigen-conjugated microparticles did 
not have any pronounced LPS response. The LPS response was less than 1% of the total 
IgM+IgG response for the intramuscular group and hardly detectable for the oral group. 

In the study using purified flagellin (paper III), a strong systemic IgM+IgG response was 
obtained in all groups of mice after immunisation with a high dose of flagellin, even in the 
group that received flagellin in free form orally (Fig. 6 b). The lower dose of flagellin also 
induced a relatively high IgM+IgG response, especially after intranasal or subcutaneous  
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Figure 6. Serum IgM+IgG antibody response. Mean antibody titers are given as –log2
(dilution  10) ± SD. Arrows indicate boosters given on days 21 and 41. No specific 
IgM+IgG response was detected in the control groups in any of the experiments. 

a) Paper I, mice (n=6) were given antigen-conjugated MP orally ( ), 
MP + free antigen p.o. ( ), free antigen p.o. ( ), antigen-conjugated MP i.m. ( ). Naive 
mice were used as control (×). The group that received antigen-conjugated 
microparticles orally had significantly higher antibody titre over time compared to both 
the groups that received the antigens free orally (p<0.05). The open symbols represent 
the anti-LPS-titers from pooled sera at day 28 and 35.b) Paper III, serum IgM+IgG 
antibody response after administration of the high dose flagellin (n = 7), and, c) the low 
dose of flagellin (n = 3), free flagellin p.o. ( ), flagellin-conjugated MP p.o. ( ), free 
flagellin + MP p.o. ( ), free flagellin + rCTB s.c. (×), flagellin-conjugated MP s.c. ( ), 
free flagellin + rCTB i.n. ( ). The groups that received flagellin intranasally or 
subcutaneously (both high and low doses) had significantly higher antibody titres than 
the oral groups (P<0.05). d) Paper IV, serum IgM+IgG response to SafB/D (n=10), 
SafB/D + rCTB i.n. ( ), SafB/D + rCTB s.c. ( ), SafB/D and rCTB conjugated MP s.c, 
(×). The oral group did not have any detectable antibody titres.  
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immunisations (Fig. 6 c). In the SafB/D study (paper IV) all groups of mice except the 
control group and the group that received SafB/D conjugated to microparticles orally had 
high antibody titres (IgM+IgG) specific for SafB/D (Fig. 6 d). Antibodies directed 
specifically against rCTB were also seen in all immunised groups; however, this occurred 
to a lower extent in the oral group (paper IV, Fig. 3).  

All treated groups of mice in all three studies (except for the oral group in the SafB/D 
experiment) showed an impressive systemic, humoral immune response. Several studies 
have shown the important role of antibody-producing B cells in protecting against 
salmonellosis [215]. Passive immunisation with egg yolk antibodies specific for 
Salmonella flagellin, LPS and outer membrane protein such as porin have been shown to 
protect mice from salmonellosis when administered orally [216]. In the study with purified 
flagellin in C3H/HeJ mice, a remarkably high systemic humoral immune response was 
induced in all the immunised groups. It is thus apparent that flagellin is a strong 
immunogen that can induce an immune response even when given orally in its free form. 
However, the oral formulation containing SafB/D and rCTB conjugated to starch 
microparticles failed to induce any detectable immune response. Poor induction of an 
immune response after oral immunisation with purified fimbrial adhesins has also been 
reported previously. Purified colonisation factor antigen CFA/I from ETEC encapsulated 
in PLG microparticles given orally to rabbits induced low systemic IgG titres and almost 
no s-IgA response [217], but when the CFA/I antigen was administered intraduodenally to 
rabbits, both mucosal and systemic immune responses were induced [218]. These studies
indicate that CFA/I is sensitive to low pH and enzymatic degradation in the
gastrointestinal tract. In our study, the microparticles could not effectively deliver SafB/D 
orally to an extent that an immune response was triggered. This may have been because 
SafB/D was sensitive to low pH and enzymatic degradation in the gastrointestinal tract.

However, particularly strong systemic humoral immune responses were induced when 
mice were immunised nasally with SafB/D or flagellin mixed with rCTB. This route of 
administration does not harm the antigen to the same extent as the oral route. Further, the 
nasal mucosa is well vascularised and the epithelium is relatively leaky, which makes this 
route of administration quite attractive. However, some animals in the nasal group died. 
Histological examination of these mice showed heavy infiltrates of lymphocytes and 
plasma cells in the lungs, peribronchially and perivascularly, although no signs of 
aspiration or bacteria were found. The lesions found may be interpreted as an exaggerated 
immunological response, most likely triggered by the intranasal immunisation. However, 
we cannot rule out that the vaccine was partly deposited in the upper airways or even in 
the lung tissue, as the mice were lightly anaesthetised during the administration of the 
25 L vaccine formulation. In addition, as discussed previously, nasally administered 
vaccines containing GM1 binding molecules could gain access to the brain through 
primary sensory olfactory neurons. The implications of these findings clearly require 
consideration when developing nasal vaccines.  

The humoral immune response was also studied by analysing the immunoglobulin 
subclasses in serum. The IgG subclass profile, calculated as the ratio 
IgG1/(IgG2a+IgG2b), was analysed in all three studies. The subclass ratio indicated that a 
mixed Th1/Th2 response had been induced; this tended to be polarised towards a Th1 
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response in all groups (paper I, Table 1, paper III, Table 2, paper IV, Table 1). The 
antibodies that are induced by the Th1 lineage, IgG2a and IgG2b, are known to bind to 
high affinity Fc  receptors and complement proteins and are therefore the main antibodies 
involved in the opsonisation and phagocytosis of microbes [14]. These antibodies possess 
particularly valuable features for fighting intracellular pathogens such as Salmonella. The
Th1 response to the antigens derived from Salmonella observed in these three studies is 
therefore an advantage, as the antibodies of these subclasses would be more effective 
when combating Salmonella infections. 

Analyses of the cellular immune response (DTH) and the cytokine pattern induced in 
primed splenocytes stimulated in vitro 

The cellular immune response is also extremely important when combating intracellular 
organisms such as Salmonella. This response was studied by measuring the DTH reaction 
in the ears of the mice immunised in the first study (paper I). We found that all groups that 
received microparticles and the secreted antigens (conjugated or not conjugated) gave a 
strong cellular response 72 h after challenge in the DTH test. In particular, the response was 
pronounced (100-200 % increase in ear thickness) in the groups given antigens conjugated 
to the microparticles (Fig. 7). 
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ear thickness was measured before and at 24 h, 48 h and 72 h after injection. Values are 
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Other studies have also shown that a cellular response is obtained when immunising with 
attenuated or heat-killed S. typhimurium [219], or with outer membrane proteins given 
parenterally [220 , 221]. In the first study (paper I), secreted antigens given orally alone 
or conjugated to microparticles were capable of provoking a powerful cellular immune 
response.

The immune response induced by immunisation can also be characterised by measuring 
the production of cytokines. This was investigated in papers I and III, by stimulating 
primed splenocytes in vitro with the secreted proteins (paper I) or the purified flagellin 
(paper III). In both studies, there was an increase in IFN-  over time, associated with IL-2 
production on day 2 in some groups, while IL-4 and IL-5 were not detected by the ELISA 
method used in these studies (Tables 2 and 3). The group that received the flagellin and 
rCTB subcutaneously showed very high IFN- -production on both days 2 and 3.  

These cytokine results support the subclass profile results that the responses observed in 
both studies were mainly Th1. The hypothesis that IFN-  plays a decisive role in inducing 
protection to infection after Salmonella vaccinations has also been confirmed by other 
studies. Bao et al. showed that S. typhimurium challenge of IFN- -deficient mice resulted 
in widespread septicaemia, despite elevated antibody titres in both mucosal and systemic 
compartments [222]. It is clear that IFN-  induced Th1 cells are an essential component of 
the protective response against Salmonella infections. 

Table 2. IFN-  in supernatants from activated primed splenocytes (ng/mL) 

Immunisation Day 2 Day 5 

Antigen-conjugated microparticles p.o. 1.2 ± 0.4 5.2 ± 1.1 

Free antigen p.o. 1.7 ± 0.8 15 ± 6.1 

Free antigen + microparticles p.o. 3.6 ± 1.1 6.3 ± 0.7 

Antigen-conjugated microparticles i.m. 5.8 ± 0.6 13 ± 4.9 

Free antigen i.m. 4.7 ± 2.1 13 ± 4.6 

Control 1.3 ± 1.3 1.7 ± 1.7 

Mice were sacrificed two weeks after booster and in vitro stimulation of the splenocytes 
was performed with 50 µg Salmonella antigens/well (3 × 106 cells). Cytokine assays were 
performed on duplicate supernatants collected on day 2 and 5. The IFN-  responses are 
shown as arithmetic means ± SEM, n=6. All immunized groups induced a significantly 
higher IFN-  response compared to the control group at day 5 (p<0.05), using the 
logarithmically transformed values in the statistical analysis.  
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Table 3. IFN-  and IL-2 in supernatants from activated primed splenocytes (ng/mL). 

Immunisation Day 2 (IFN- ) Day 3 (IFN- ) Day 2 (IL-2) 

Flagellin-conjugated microparticles p.o. 1.03  0.21 2.2  0.5 0.11  0.01 

Free flagellin p.o. 2.5  0.05 5.5  0.6 0.17  0.01 

Microparticles + free flagellin p.o. 0.78  0.26 3.7  0.6 0.14  0.01 

Flagellin-conjugated microparticles s.c. 0.52  0.04 0.84  0.23 0.39  0.02 

Free flagellin + rCTB s.c. 23  0.9 40  3.4 0.22  0.02 

Free flagellin + CTB i.n. 4.2  0.5 4.8  0.1 0.52  0.05 

Control 0.66  0.07 1.4  0.4 0.03  0.001 

Two mice from each group in the low dose study were sacrificed two weeks after a second 
booster with a high dose and in vitro stimulation of the pooled splenocytes was performed 
with 50 µg flagellin/well (3 × 106 cells). Cytokine assays were performed on duplicate 
supernatants collected on days 2 and 3. The IFN-  and the IL-2 responses are shown as 
arithmentic means from duplicate samples  SD (n=2). 

A preliminary flow cytometry analysis was performed on the same splenocyte population that 
showed production of IFN-  upon stimulation with flagellin (paper III). These preliminary 
results showed that only a small fraction of CD4+ T cells from the spleen produced IFN- .
However, it might be that cells other than CD4+ T cells (e.g. CD8+ T cells, NK cells or 
maybe APCs) produced the IFN-  observed in the supernatants in our study. A recent study 
showed that flagellin-specific CD4+ T cells are primarily located in the GALT after an oral 
infection with Salmonella and that they do not migrate to the spleen or liver [223]. In our 
vaccination study, the residence of the primed T cells was not known. It would therefore be of 
great interest to also investigate the flagellin-specific CD4+ T-cell response at other locations, 
such as Peyer’s patches and lymph nodes, after vaccination through different routes of 
administration.  

Mucosal immune responses

To estimate the mucosal immune responses elicited, faecal samples were collected and IgA 
antibodies were extracted by a method described by Haneberg and colleagues [224]. The 
extracted supernatant was then analysed (ELISA) for the amount of specific IgA and total IgA 
and the quota (specific IgA/total IgA)/mouse was calculated. In all three Salmonella studies, 
specific IgA antibodies were detected in the faecal extracts, especially in the groups that had 
received the vaccine by mucosal routes (Figs. 8 a-c). In the first study, in which a cocktail of 
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proteins was given to Balb/c mice, the mucosal immune response was much stronger than that 
seen in the two other Salmonella studies. The group that received microparticles and free 
antigens orally had a significantly higher specific IgA content in faeces than the other groups 
over time. To ensure that the specific IgA measured in the faeces originated from the 
intestine, an ELISPOT assay on intestinal cells was performed in the first study. The 
ELISPOT assay showed that the oral groups had a high percentage of specific IgA-producing 
cells. Free antigens orally induced the highest percentage of specific antibody-producing cells 
(1.63%), while the groups that received antigen-conjugated microparticles or free antigens 
with microparticles had 0.94 and 0.93% specific IgA-producing cells, respectively. The 
intramuscular group that received antigen-conjugated microparticles did not have any 
detectable specific IgA-producing cells, and the group that received free antigen had 0.52 % 
specific IgA-producing cells in the gut.  

In C3H/HeJ mice immunised with the high dose of flagellin, only those receiving intranasal 
or subcutaneous free flagellin plus rCTB, or oral free flagellin plus microparticles, showed 
significantly higher (P<0.05) antigen-specific IgA responses than the control group. When the 
low dose of flagellin was given, only mice immunised intranasally had a significantly higher 
IgA response than the control group (P<0.05). Antigen-specific IgA antibodies in the faecal 
extracts of other groups were hardly detectable. Further analyses were made to compare the 
IgA titres in serum (Paper III, Fig. 3) with those of s-IgA in faeces. The IgA quotas obtained 
from the individual mice were used in a regression analysis against the individual IgA 
antibody titres in serum; the degree of correlation was r2=0.54 (P<0.002, n=14) for the 
subcutaneous groups and r2=0.37 (P<0.01, n=21) for the oral groups. The P values indicate 
that the correlation was significantly different from a random distribution. This observation 
suggests a possible contribution of IgA from serum to the mucosa via the hepatobiliary 
pathway. 

In the fimbriae study, only the nasal group had significantly increased concentrations of s-
IgA directed against SafB/D compared to the other groups over time. The group immunised 
subcutaneously with rCTB and SafB/D appeared to have a moderate specific IgA response 
to SafB/D, but only one mouse out of ten responded relatively strongly. In contrast, there 
was a more even specific response in the nasal group. 

In both the flagellin (paper III) and fimbriae (paper IV) studies, the nasal groups had 
particularly high specific IgA responses in faeces. These groups also received the strong 
mucosal uptake enhancer rCTB, which probably potentiated the strong mucosal immune 
response elicited. The mucosal immune response was also pronounced in the group that 
received rCTB and flagellin subcutaneously. It is generally accepted that mucosal 
immunisation gives rise to a local immune response while parenteral immunisation does not, 
at least not to the same extent. In the first study, an IgA-ELISPOT on the intestine showed 
specific IgA-producing cells even in the group that received free antigen intramuscularly. It 
thus seems possible to induce a mucosal response with parenteral immunisation if a strongly 
immunogenic antigen and adjuvant are used, in this case flagellin and rCTB. Other studies 
have also shown that a mucosal immune response can be induced using a parenteral route of 
administration e.g. [225]. This high mucosal IgA response may seem to contradict the 
differentiation of the cellular response towards a dominating Th1 influence. However, locally 
produced IL-5 and IL-6 from intestinal epithelial cells strongly enhances the mucosal IgA+ B
cell responses [226], [227].  
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The higher mucosal immune response observed in the first study could have been the result of 
the cocktail of proteins in combination with a mouse strain that responded to LPS, as signals 
through TLR4 could further increase the mucosal immune response observed in these groups, 
even though anti-LPS antibodies in faeces were hardly detectable.  
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Figure 8. Faecal samples analyzed for specific IgA and total IgA. A mean quota (specific 
IgA/total IgA) was calculated for each mouse and shown are the means from day 26-28 for 
each group. The asterisk (*) indicates significantly higher quotas than those in the other 
groups over time in paper I, and in paper II and III compared to those in the control groups 
(P<0.05) a) Paper I, (n = 6) +SD. b) Paper III, (n = 7) +SD. No specific IgA were 
detected in the control groups in paper I and III. c) Paper IV. (n=10) +SD.  

Salmonella challenge models 

To assess whether vaccination with our formulations had induced protective immune 
responses, an oral challenge with the Wild type Salmonella enterica serovar Enteritidis 
was conducted in mice (Paper I, III, IV). Most challenge models have been used to 
investigate the virulence of different attenuated Salmonella strains after certain mutations 
at specific sites in the genome e.g. [228], [229]. These models have used a wide range of 
routes of inoculation such as intraperitoneal and intravenous injections. However, in a 
natural infection with Salmonella, the oral route is the pathway for infection. Therefore an 
oral challenge was developed to mimic the natural situation. The challenge model using 
Salmonella typhimurium in mice has long been accepted as a human typhoid fever model 
[230], [231].  

s p
ec

ifi
c 

I g
A

(µ
g)

/to
ta

l I
gA

(m
g)

*
* **

a b

*

c



45

However, there is no murine gastroenteritis challenge model available. In calves, a 
gastroenteritis model has been used mainly to investigate the virulence properties of 
different attenuated Salmonella strains e.g. [232], [233]. 

Challenge studies in animals are limited by the animal protection guidelines, which state 
that the survival rate should not be a parameter for evaluation of protection. Several oral 
challenge studies were conducted with serovar Enteritidis in naive mice to find a suitable 
oral inoculation dose that would enable investigation of the infection rate in liver and 
spleen. Eight- to ten-week-old female naive Balb/c or C3H/HeJ mice were inoculated with 
various concentrations of serovar Enteritidis to determine the virulence of the bacteria in 
the different mouse strains. Several approaches were evaluated. In one approach, the mice 
were fasted for 6 or 14 h and then given the bacterial suspension (in 1% NaHCO3) orally 
with a pipette; in another, the bacterial dose was added to a piece of dry bread which the 
fasted mice ate. The pipetting method was chosen, as it was clearly the most reliable one; 
determination of the fasting times was based upon the extent of thirst of the different mouse 
strains. The mice were sacrificed on day seven, and the liver and/or spleens were removed 
and homogenised in 5 mL of sterile PBS. Dilutions of the homogenates were plated to 
determine the number of bacteria present. The concentration of bacteria that gave a clear 
infection in all non-immunised control mice on day seven was chosen for the subsequent 
challenge in vaccinated and naïve mice. 

In the first study (Paper I), a significant reduction in colony forming units (CFU) was seen 
in all groups immunised orally compared to the control group; these results were 
concordant in the liver and the spleen samples from the same mice (Fig. 9 a) and were 
confirmed by measuring weight loss. In the flagellin study (Paper III), only the groups 
immunised orally with flagellin in free form and the group receiving flagellin intranasally 
had a significantly lower degree of infection than the control group (Fig. 9 b). However, one 
or two mice died during the challenge (<6 days) in the subcutaneous and control groups. In 
order to be able to include these mice in the analyses, they were assigned 105 CFU (the 
highest infection rate among those that survived). In the fimbriae study (Paper IV), only 
the mice immunised subcutaneously with SafB/D- and rCTB-conjugated microparticles had 
a significantly lower count of CFU grown from the spleen samples (Fig. 9 c). This was also 
confirmed by weight loss measurements.  

Our oral challenge model used quite high inoculation doses, 5 × 107 CFU/mouse in Balb/c 
from Charles River, and 2  109 CFU in C3H/HeJ mice, and might not have given the 
mucosal immune system a chance, even if an immune response was induced. In such a 
situation the host has to rely on the induced systemic humoral and cellular immune 
responses. It should also be noted that Balb/c mice have a mutation in NRAMP-1 that 
makes them susceptible to Salmonella infections by reducing the efficacy of the attack from 
activated macrophages [125], [126]. The C3H/HeJ mice that do not respond to LPS due to 
defective TLR4 are also highly susceptible to Salmonella infections. It is thus apparent that 
the susceptible mouse strains used in these studies make the interpretation of the challenge 
results rather difficult. Also, in the first study, inbred Balb/c mice from our own breeding 
were used. These mice received a much lower oral inoculation dose (3  104/mouse) than 
the Balb/c mice purchased from Charles River (5 × 107/mouse) that were used in the 
fimbriae study. Even though both these mouse strains are Balb/c mice, the lower dose was 
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not sufficient to accomplish a clear infection in all naive mice from Charles River. The 
reason for this is unclear, but it is possible that the Balb/c strain bred by us might have 
gained other unknown features over the years that are distinct from other Balb/c strains. 

1

10

100

1000

10000

100000

1000000

10000000

liver spleen

Cont rol

Micropart icles + f ree
ant igen p.o.

Ant igen-conjugat ed
micropart icles p.o.

Free ant igen p.o.

Ant igen-conjugat ed
micropart icles i.m.

1

10

100

1000

10000

100000

1000000 Cont rol

Flagellin-conjugat ed MP
s.c.
Free f lagellin + rCTB s.c.

Free f lagellin + rCTB i.n.

Flagellin-conjugat ed MP
p.o.
Free f lagellin + MP p.o.

Free f lagellin p.o.

1

10

100

1000

10000

100000

1000000
Cont rol

SafB/ D + rCTB
conjugat ed-MP p.o.

SafB/ D + rCTB i.n.

SafB/ D + rCTB s.c.

SafB/ D + rCTB
conjugat ed-MP s.c.

Figure 9. a) Paper I, colony forming units (CFU) in liver and spleen after oral challenge 
with serovar Enteritidis (3 × 104/mouse). Individual homogenates were plated onto LB-
agar plates in serial dilutions in duplicate 7 days after oral challenge, a mean was 
calculated for each mouse, and the arithmetic mean per group are presented + SD, n=6-
12. The asterisk (*) indicates a significantly lower degree of infection compared to the 
control group (p<0.05), using the logarithmically transformed values in the statistical 
analysis (factorial analysis of variance with Fisher’s multiple comparison test). 

b) Paper III, CFU counts in spleen 6 days after oral challenge with serovar Enteritidis 
(2 × 109/mouse), in mice immunised with the high dose of flagellin. A mean was calculated 
for each mouse, and the geometric means for each group + SD are presented (n = 5-7). 

c) Paper IV, CFU counts in spleen 6 days after oral challenge with serovar Enteritidis 
(5 × 107/mouse). A mean was calculated for each mouse, and the geometric means for each 
group + SD are presented (n=6-10). † one dead mouse during challenge, ‡ two dead mice 
during challenge. MP=microparticles. 
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What are the factors that have influenced the immune responses elicited? 

Strong immune responses were induced in all three Salmonella studies. The outcome of the 
various immune responses depends upon several factors. In the first study, a cocktail of 
proteins was given to Balb/c mice that were able to respond to LPS. The response seen in 
these mice was partly dependent on LPS in the groups that received the antigens in free 
form, since LPS did not readily conjugate to the microparticles. Flagellin and hook-
associated protein 2 were shown by Western blotting to be the immunodominant protein 
antigens in all groups. C3H/HeJ mice that do not respond to LPS were used in the flagellin 
study, and flagellin induced remarkably strong immune responses even when it was 
administered alone via the oral route. In the fimbriae study, SafB/D was produced 
recombinantly in E.coli and shown to be immunogenic by all routes except the oral route.

LPS and flagellin as factors 

In the first study (paper I) flagellin and LPS induced strong immune responses. 

The endotoxin LPS is one of the most potent inducers of inflammation and activates TLR4, 
which triggers the innate immune response and also sends alert signals to the adaptive 
immune response. TLR5 is activated by flagellin [91], which in our studies induced a 
strong antibody response. It is therefore quite possible that LPS and flagellin together 
provide the synergistic protective immune response seen in the groups that received free 
antigen in the first study. Indeed, the group that received free antigens mixed with 
microparticles orally had the highest local immune response in the intestines and the 
greatest protection in the challenge. It is known that proteins adsorb to surfaces to lower the 
surface tension. Therefore, proteins could be protected against degradation in the intestines 
and exposed to the immune system just by mixing them with starch microparticles. We 
have also shown that LPS did not conjugate to the microparticles when the proteins were 
conjugated covalently. Therefore, the group that received free antigen mixed with 
microparticles got both the proteins and an additional dose of LPS. This may explain the 
outcome of the response seen. However, we can also conclude that starch microparticles 
with LPS-depleted, conjugated Salmonella antigens are an effective adjuvant in oral 
vaccination, as shown in the challenge experiments. In the fimbriae study (paper IV), the 
possible presence of LPS from E.coli in the SafB/D preparation would not generate useful 
antibodies as the LPS structure in E.coli differs from the LPS structure in Salmonella.

rCTB as a factor 

In papers III and IV, rCTB and starch microparticles were used as mucosal uptake enhancer 
and adjuvant, respectively. The mechanism by which rCTB induces immune responses at 
mucosal sites is not yet clear. However, it is believed that the ability of rCTB to bind to the 
GM1 receptor, which is abundant on most cell types [234], [235], can increase the uptake of 
the antigens through the mucosal tissues and improve their presentation to the immune 
system. A recent study showed that antigen conjugated to rCTB enhanced the antigen-
presenting capacity of DCs, B cells and even macrophages by indirect upregulation of co-
stimulatory molecules on the APCs [163]. However this effect was not observed when rCTB 
was just mixed with the antigen. In our study, flagellin was mixed with rCTB; the mucosal 
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anti-flagellin responses in both groups receiving rCTB (intranasal and subcutaneous) could 
well have been increased because of the immunomodulating effect of this uptake enhancer. 
Further studies are needed to find out whether flagellin alone would be able to induce an 
immune response of the same magnitude as that observed with the addition of rCTB. 
Nevertheless oral administration of flagellin alone in paper III, indicates that this could be 
the case.  

In a pilot study, only SafB/D was conjugated to the microparticles, and SafB/D was shown to 
be immunogenic by all administration routes except the oral route. Therefore, rCTB was 
added to further potentiate the immune response in the subsequent study (paper IV). 
However, the oral group did not respond in this study either. Yet, CTB can also induce 
systemic tolerance when administered mucosally e.g. [236], [237]. The nature of the antigen, 
however, influences the outcome (immune response or tolerance), as certain pathogenic 
components have the capacity to induce proinflammatory cytokines by sending danger signals 
through TLRs. Induction of tolerance against such components at mucosal sites are unlikely 
to be beneficial for the host in an infectious situation. 

Flagellin as a factor 

The strong immune responses induced by flagellin are perhaps not surprising, as the 
significance of the flagella in an immune response has been highlighted in several studies. 
Salmonella expressing chimeric flagellin based on the parenteral inoculation of live cells or 
purified flagella/flagellin subunits have also been used to induce antigen-specific immune 
responses against heterologous epitopes e.g. [238]. Wyant et al. demonstrated that flagella 
from S. typhi are powerful monocyte activators in human peripheral blood, inducing 
proinflammatory cytokines such as TNF-  and IL-1 , and inducing the production of IL-6, 
IL-10 and IFN-  [239]. Moreover, other studies have indicated that flagellin is a strong T-
cell activator. Thus, Cookson and Bevan identified a natural T-cell epitope presented by 
Salmonella-infected macrophages that was recognised by orally immunised mice [240]. 
This T-cell epitope was shown to be the flagellar filament protein C and the dominant recall 
antigen for CD4+ T cells from protectively immunised C3H/HeJ mice. The presentation of 
the epitope was greatly enhanced by pre-treatment of macrophages with IFN- . Another 
study showed that CD4+ T cells from mice orally immunised with attenuated S.
typhimurium respond to an epitope from a constant region of FliC, which enables these 
cells to cross-react with flagellar proteins expressed by different Salmonella serovars [241]. 

In paper III, flagellin induced an impressive immune response irrespective of the formulation 
used (given with rCTB, conjugated covalently to starch microparticles or given in free form), 
and despite the fact that it was taken up and handled differently by the immune system 
depending on the route of administration and formulation. The flagellin-conjugated 
microparticles, which were most likely taken up via M cells in the Peyer’s patches after oral 
administration, would have been processed with the flagellin in the APCs (DCs or 
macrophages) in the submucosal tissues. When given with rCTB by the nasal or subcutaneous 
route, the uptake and processing of flagellin may have been facilitated in some way by the 
presence of rCTB. The purified flagellin given orally in free form could have been in a 
monomeric state in the PBS solution at the time of administration, as suggested by Furukawa 
et al., 2002 [242]. Nonetheless, the flagellin might have polymerised; aggregated proteins
have a higher immunogenicity than soluble proteins [243]. However, when it passes through 



49

the gastrointestinal tract it may well be fragmented before it reaches the region of uptake. 
Parish (1996), for example, has shown that the protecting epitopes are assembled within a 
conserved part of the flagellin [244]. Others have also indicated that the proinflammatory and 
immunogenic sites of flagellin are concentrated in conserved parts of the molecule [241], 
[245]. We have not specifically studied the active epitopes of flagellin in this work, but we 
can surmise that they were preserved and able to induce a strong immune response, when 
flagellin was given either in free form or conjugated to starch microparticles. 

The strong immune response induced by flagellin may partly be explained by recent studies, 
which demonstrated that the Salmonella bacterium translocates flagellin across the intestinal 
epithelium and subsequently induces the release of IL-8, which is a known neutrophil 
chemoattractant [246]. Translocation of the purified flagellin used in this study, however, is 
unlikely. While flagellin is known to bind to TLR5 on the basolateral side of an intestinal 
epithelia model based on a human colonic cell line [247], it is not known if this also occurs in 
vivo in mice. It has been proposed that the lack of toll-like receptors on the apical side is due 
to possible adverse effects that could occure if commensal flora that also contain LPS and 
flagellin would get access to these receptors. The structure of commensal LPS and flagellin 
could however be slightly different than those derived from pathogenic organisms. TLR5 is 
also situated on dendritic cells, which can translocate their dendrites into the lumen and 
sample its contents [248]. Furthermore, dendritic cells can migrate to the intestine upon the 
flagellin-induced release of CCL20 [249]. Taken together, the evidence to date suggests that 
flagellin or fragments thereof would be a promising and potent component of a mucosal 
vaccine against enteric Salmonella or other antigens. 

Interestingly, there was no direct correlation between the challenge results and the 
immunochemical data obtained. The best protection was obtained in the groups immunised 
orally with free flagellin and intranasally with free flagellin plus rCTB. However, only the 
groups immunised nasally or subcutaneously with flagellin and rCTB, or orally with flagellin 
plus microparticles had significant specific IgA in faeces compared to the control group over 
time. The presence of specific s-IgA in faeces is beneficial, as it indicates that the bacterium 
would be prevented from entering the mucosal epithelium. However, as discussed above, the 
oral bacterial challenge load was probably too high for the limited levels of s-IgA present in 
the intestine. Furthermore, induced serum IgA may be useful in combating intracellular 
Salmonella infections, since it could gain access to the infected hepatocytes via the polymer 
immunoglobulin receptor, at least in our mouse model (paper III). Also it could be that free 
flagellin given mucosally gives rise to a more efficient cellular immune response in the 
mucosa, initiated by the induction of proinflammatory cytokines/chemokines, which then 
trigger a cascade of immune reactions in the FAE and submucosal tissues. The IELs were not 
assayed in these studies, but could have a great impact in the host’s response to Salmonella.

Fimbriae receptors as a factor? 

Different fimbriae are expressed at various infection stages in salmonellosis. The role of 
Saf (including SafB and SafD as structural components) and the stage of the infection at 
which they are expressed is not known. However, sequence homology searches reveal that 
the proteins are likely to form an afimbrial adhesin, based on their similarity to the AFA 
cluster of adhesins in Escherichia coli [250]. The 30 % similarity between SafD and AfaD 
suggests that Saf might recognise similar structures. Still, it is not clear if there is a cognate 
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receptor for Saf in Balb/c mice. Interestingly, purified F4 fimbriae from ETEC given orally 
to piglets induced mucosal and systemic immune responses. The immune response was 
shown to depend upon an F4 receptor present on brush borders of villous enterocytes [251]. 
Pigs that lacked this F4 receptor did not respond to orally administered F4, while the pigs 
that expressed the receptor showed both a systemic and a mucosal immune response, which 
was protective in an oral challenge with ETEC [252]. Another study also showed that the 
immunogenicity of antigens given orally correlates well with the intestine-binding 
properties of the antigen, where antigens that bind to the intestinal surface display the 
greatest immunogenicity [253]. Interestingly, it has recently been discovered that 
uropathogenic E.coli P fimbriae activate TLR4 in epithelial cells [254].  

Change of surface structures as a complicating factor! 

It is critical to consider, when using outer membrane proteins from Salmonella as vaccine 
components, that the bacterium can modify its surface structure to evade the host’s immune 
response. For example, the O-antigen which gives rise to strong antibody responses can 
seroconvert to another structure. Different types of fimbriae may only be expressed in some 
Salmonella strains, and the expression of these can also be altered at certain infection 
stages. The distribution of phase 1 and 2 flagella among Salmonella species can also differ. 
Some strains (such as the one used in this thesis) have only one phase of flagella. These 
variations in the surface structures between Salmonella strains and infection stages 
complicate the development of a subunit vaccine. Depending on the infection, these 
difficulties can partly be overcome by selecting highly immunogenic and conserved 
components from the pathogen. 
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Uptake studies of starch microparticles over pig respiratory nasal mucosa in vitro 

Since the polyacryl starch microparticles have been shown to be an effective adjuvant 
system even for oral administration, the uptake of the carrier system over mucosal tissues
was studied (paper II). The horizontal Ussing chamber method using pig respiratory nasal 
mucosa was developed by Östh et al., 2002 [255] and was considered to be a suitable first 
approach to study the uptake of the microparticles. The viability of the excised nasal tissue 
is obviously an important factor; this was monitored by measuring the electrophysiological 
parameters before and after the experiments. The details can be found in paper II and also 
in Östh et al., 2002. 

The microparticles were characterised using several microscopic techniques. The 
appearance of the microparticles was investigated using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). The microparticles were air-dried in 
the first case and freeze dried on a grid in the latter (Figs. 10 a and b). The particles 
appeared to be fairly porous, as supported by a previous study [256].  

b

Figure 10. a) Image of an air dried starch microparticle examined by SEM. b) Image of 
freeze dried starch microparticles on a grid and examined with TEM. Scale bars indicate 
1µm.

Several attempts were made to visually demonstrate the particles in the tissues. One of the 
approaches was to conjugate ovalbumin to the microparticles to further enable the 
conjugation of a fluorochrome, fluorescein isothiocyanate (FITC). These conjugations are 
stable, as they are covalent in nature. The conjugation of FITC enabled us to study the 
microparticles using CLSM. This technique allows optical sections of the preparation to be 
made. The CLSM pictures of the microparticles confirmed that they are porous in structure 
and that proteins can be conjugated throughout the whole structure of the microparticles 

a



52

(Paper II, Figs. 2 a and b). This is a valuable feature, as it enables proteins to be 
conjugated within the pores that would partly protect them from enzymatic degradation.  

The ovalbumin-conjugated microparticles were also embedded in epoxy resin together with 
blood to investigate the visual character of the microparticles in these preparations. The 
preparations were also sectioned and examined in TEM (Fig. 11). The porosity was not 
evident using this technique, because the pores were filled with epoxy resin. However, 
these TEM images were useful in the investigation of uptake of microparticles in the nasal 
tissue. It was noticed that both freeze-dried and sectioned microparticles had a smaller 
diameter than the expected 2.5 m. The reasons for this include the shrinking effect of 
freeze drying on the microparticles and, in the case of the sections, not always sectioning 
the microparticles at their maximum diameter. 

Figure 11. Image of starch microparticles embedded in epoxy resin together with blood, 
and sectioned prior to TEM. The image shows microparticles and part of an erythrocyte. 
Scale bar indicates 1 µm. 

The microparticle suspensions were incubated on the mounted viable respiratory nasal 
mucosa in the Ussing chamber, rinsed and stained/fixed before CLSM or being embedded 
in epoxy resin and sectioned for TEM. The uptake of the microparticles was detected by 
both techniques (Paper II, Fig. 5) (Fig. 12). In the TEM image, the gray circular structures 
were found in the cytoplasm of non-ciliated epithelial cells in the mucosa incubated with 
ovalbumin-conjugated microparticles. These structures had the same diameter as the 
microparticles in the microparticle-blood mixture sections. Furthermore, their spherical 
shape and structure agreed with the TEM images and were different from any naturally 
occurring cell component within the nasal mucosa. The microparticles conjugated to 
FITC/ovalbumin were also taken up intracellularly, by epithelial cells. However, FITC 
molecules are highly lipophilic, which could affect the surface properties of the 
microparticles and further facilitate their uptake. Nonetheless, the TEM-images showed 
that the non-FITC-labelled ovalbumin-conjugated microparticles were also taken up. 
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Figure 12. TEM images from the uptake study of the OVA-conjugated microparticles in 
porcine respiratory nasal mucosa. The area within the rectangle in a) contains the observed 
grey circular structures interpreted as microparticles, and this area is magnified in b). Scale 
bars indicate 1 µm. 

Several studies have shown that microparticles are preferentially taken up by M cells [257], 
[258], [28] and therefore the possible presence of M cells in the nasal mucosa was investigated 
using morphological criteria and immunohistochemistry. The M cell distribution and 
morphology differ greatly between species and different mucosal compartments. They display 
oligosaccharride structures on the surface that distinguish them from other epithelial cells 
[259], [260]. However there are large variations in these carbohydrate structures that depend 
on both location and species and there is no single universal carbohydrate epitope that serves to 
identify all M cells. Belz and Heath, showed that the M cells in the tonsils of the soft palate of 
the pig, a tissue adjacent to the nasal respiratory mucosa, had irregularly arranged microvilli 
and microfolds together with closely associated intraepithelial lymphocytes [261]. In our study, 
the morphology of all epithelial cells visible in the TEM sections was evaluated and no 
characteristic M-cell features were observed. No adjacent lymphocytes were detected nearby 
the cells that had taken up the microparticles or nearby any cell in the preparations studied. All 
epithelial cells observed fell into one of the following categories: ciliated cells, non-ciliated 
cells, basal cells, or goblet cells. The morphological evaluation showed that all of the cells 
containing microparticles were non-ciliated and, in some cases, without visible microvilli.  

In our study, anticytokeratine 18 (Ac18) was chosen as a marker because it is the only 
reported specific marker for porcine M cells, although only in Peyer’s patches of the 
porcine intestine [262]. The CLSM images from sectioned respiratory nasal mucosa show 
that Ac18 binds specifically to cells in this area of the porcine nasal mucosa (Paper II, Fig. 
6). In the sections, Ac18 stained structures immediately beneath the epithelial layer, and 
also stained similar but larger structures located deeper in the tissue. The general 
appearance and location of both of these structures point to the mucus-producing glands of 
the mucosa. There was also specific staining of epithelial cells, but all of these were located 

a b
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between the superficial glands and the lumen, and are presumed to be part of the gland 
secretory ducts. The fact that Ac18 stained mucus-producing cells but did not detect any M 
cells in the respiratory nasal mucosa could be due to few or no M cells in the studied area. 
It is also possible that M cells in the respiratory tract, as opposed to porcine intestinal M 
cells, do not possess epitopes that Ac18 can bind to. Further studies are needed to 
investigate whether other clones of anticytokeratine could be used as specific M-cell 
markers in porcine respiratory mucosa. In no case did the microparticles seem to be taken 
up by Ac18-stained cells, which further strengthens the theory that Ac18 in this study only 
stained mucus-producing cells. 

The impact of the size and surface characteristics of particles has been thoroughly studied; 
while nanoparticles can also be taken up by normal epithelial cells, the microparticles 
appear more or less destined to be taken up by M cells by macropinocytosis or 
phagocytosis [202]. Information on the uptake of microparticles is of great importance 
since uptake at sites other than M cells could have an impact on the immune response. 
Since M cells stand in close connection with highly immunocompetent cells, this pathway 
would be preferable for mucosal vaccines. However, the mucosa, especially the intestinal 
mucosa, is a very dynamic structure and recent studies have shown that isolated lymphoid 
follicles that are scattered throughout the intestine contain cells with M-cell-like features 
[33]. Furthermore, different types of DCs have been shown to exist in the submucosal 
regions and a study made by Rescigno et al. showed that these cells appear to have the 
capacity to sample contents from the intestinal lumen by sending out their dendrites 
between the cells (through the tight junctions!) [248]. 

Our studies using the nasal mucosa of pigs are now being followed up with in situ uptake 
studies in the intestines of mice, as most of our immunisation studies are performed using the 
oral route in mice. 
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The effect on differentiation of the Th1/Th2 response of changing the route of 
vaccination 

The aim of this work (Paper V) was to study the effect of different routes of adminstration 
of HSA-microparticles on the immune response in mice and whether differentiation of the 
immune response can be influenced by changing the route of administration from oral to 
parenteral and vice versa. The model antigen (HSA) used in this study is considered to be 
fairly neutral in this respect; i.e. it is unlikely to send out specific danger signals, as seen 
with pathogenic components, which could polarise the immune response towards a Th1 or 
Th2 response [263]. This study set out to investigate the possibility of using microparticles 
in oral boosters following parenteral priming, which could be useful in a clinical situation 
in humans. Two sets of experiments were performed, according to Figs. 13 a and b.  
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Fig 13. a) Experiment 1: Balb/C mice (six/group) received a primary immunisation 
followed by three boosters. The immunisations were given all orally (or-or-or-or), or the 
primary and first booster were given subcutaneously followed by two oral boosters (sc-sc-
or-or), or all doses were given subcutaneously (sc-sc-sc-sc). b) Experiment 2: Balb/C mice 
(eight/group) received a primary immunisation followed by two boosters. The 
immunisations were given all orally (or-or-or), all intramuscularly (im-im-im) or with a 
change of administration route from oral to intramuscular (or-im-im) or intramuscular to 
oral (im-or-or). The oral immunisations were given on three consecutive days by gastric 
intubation (thick arrows) while the parenteral immunisations were given on days 0, 20, 41 
and 62. The time points for collection of samples are shown with thin arrows.  

All groups immunised with HSA-microparticles (experiment 1) gave rise to a strong 
systemic anti-HSA response. However, the antibody response in the group that only 
received oral doses, i.e. or-or-or-or, had a slower onset than that in the other groups (Fig. 
14). In experiment 2, similar results were obtained (data not shown). 
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Fig. 14. Serum HSA-specific IgM-IgG responses after immunisation with HSA-
microparticles according to Fig. 13 a . Mean antibody titres are given as –log2 (dilution x 
10) ± standard deviation (error bars) (n=6). The groups immunised subcutaneously (sc-sc-
sc-sc and sc-sc-or-or) had significantly higher antibody titres over time than the group 
immunised orally (or-or-or-or) (P < 0.0001).

The immune response regarding the Th1/Th2 profile was investigated by analysing the 
immunoglobulin subclasses in serum (IgG1, IgG2a and IgG2b). All three subclasses were 
detected, and the concentration of each in serum increased over time, with IgG1 
dominating (paper V, Fig. 3).  

The ratio of antigen-specific IgG1 and the sum of antigen-specific IgG2a and IgG2b (a 
measure of the Th2/Th1 profile) was calculated for each individual mouse; the mean group 
results are presented in Table 4. The mean subclass ratio was not statistically different 
between the groups in experiment 1, but in experiment 2 they were (Table 5).  

These results indicate that changing the route of administration can cause differences in 
the subclass ratios. The subclass ratios may have been altered as a result of subcutaneous 
or intramuscular administration for several reasons. With intramuscular administration in 
the mouse hind leg, APCs would drain to local lymph nodes distinct from those in the 
subcutaneous tissue in the scruff of the neck. Moreover, the antigen dose in experiment 2 
was higher than that in experiment 1, and the number of booster doses differed. 
Nonetheless, further studies are needed to confirm the discrepancies seen in these two 
experiments. 

The mechanisms governing the preferential activation of specific Th subsets appear to be 
quite complex and are still not completely understood. As mentioned previously in the 
introduction, the differentiation to Th1 or Th2 phenotypes is largely controlled by the 
action of the cytokines IL-12 and IFN-  to induce a Th1 response, and by IL-4 to direct the 
response towards Th2 [264], [265].  
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TABLE 4. The subclass ratio in serum after immunisation with HSA-microparticles. 

a Groups of mice were immunised according to Fig. 13a. bValues represent arithmetic 
means ± SEM of serum HSA-specific ratios IgG1/(IgG2a+IgG2b) after the first booster 
(day 40) and the third booster (day 76) (n=6).

TABLE 5. The subclass ratio in serum after immunisation with HSA-microparticles.  

Immunisationa Mean subclass ratio  

 ± SEMb

 Day 55 

Im-im-im 82  ± 23

Im-or-or 25  ± 4 

Or-or-or 148 d ± 48 

Or-im-im 480 c ± 213 
a Groups of BALB/c mice were immunised according to Fig. 13 b. bValues represent 
arithmetic means ± SEM of the serum HSA-specific ratio IgG1/(IgG2a+IgG2b) in 6-7 mice 
on day 55, two weeks after the 2nd booster. c The ratio was significantly higher in the or-im-
im group than in the im-im-im group (P<0.05) and the im-or-or group (p < 0.001). d The 
ratio was significantly higher in the or-or-or group than in the im-or-or group (P<0.05). 
Statistical analyses were performed using logarithmically transformed values. 

The outcome of the differentiation of the T cells could be dependent not only on the 
microenvironment (e.g. cytokines) at the actual antigen presenting site (e.g. [266]) but also 
on the type of APC presenting the antigen, the amount and nature of the antigen, the 

Immunisationa
Mean subclass ratio 

 ± SEMb

  Day 40    Day 76 

Or-or-or-or 22.4 ± 7.1 25.1 ± 9.9 

Sc-sc-or-or 33.4 ± 5.5 18.6 ± 5.0 

Sc-sc-sc-sc 17.8 ± 2.3   26.8 ± 10.8 
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presence of adjuvants, the genetic background of the subject including MHC, [267], [265] 
and the duration and strength of both TCR e.g. [268] and co-stimulatory signals [269].  

When analysing the mucosal immune response, the specific s-IgA content in faeces showed 
that only the mice that received the oral booster doses with HSA-microparticles (or-or-or-
or, sc-sc-or-or) responded with s-IgA. The mice that received oral immunisations only (or-
or-or-or) responded with the highest s-IgA response (Fig. 15). Similar results were also 
seen in experiment 2, where the mice that received oral booster doses, i.e. or-or-or and im-
or-or, responded with an increasing s-IgA over time. However, intramuscular immunisation 
with the microparticles did not induce any detectable s-IgA, not even in the mice receiving 
a primary immunisation orally followed by two intramuscular immunisations, or-im-im 
(data not shown).

Fig. 15. The ratio of g HSA-specific IgA/mg total IgA is shown over three days after the 
third booster. Mice were immunised with HSA-microparticles according to Fig. 13 a. 
Values are given as means  SEM (n=6). The group immunised orally (or-or-or-or) 
responded with significantly higher quotas compared with each of the groups immunised 
subcutaneously (sc-sc-sc-sc and sc-sc-or-or) over time (P = 0.0014 and P < 0.0001, 
respectively). 

The route of administration is clearly an important factor for the differentiation of the T 
cells and subsequently also for the effect on the B cells. For example, an antigen given by 
the parenteral or oral routes would encounter different types of APC, which could lead to 
differences in the processing of the antigen in the distinct microenvironments in different 
lymph nodes. Usually, the induction of peripheral immune responses by parenteral 
immunisation does not result in significant mucosal immunity; however, mucosal 
immunisation often results in protective immunity in both external secretions and 
peripheral compartments. In our study, only the groups that received the microparticles 
orally at some stage in the immunisation schedule showed a specific s-IgA response in 
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faeces. This corroborates the results of other studies showing a lack of s-IgA response at 
mucosal sites after parenteral immunisations [270], [40]. It has been shown that particulate 
antigens and vaccine carriers are preferentially taken up by M cells in the Peyer’s patches 
e.g. [257]. Murine Peyer’s patches contain a subset of DCs that is more likely to induce 
Th2-related cytokines than the DCs found in the spleen [17]. The mucosal response 
induced in the oral groups in these experiments was most likely induced by locally 
produced Th2-related cytokines such as IL-4, IL-5, IL-6 and IL-10. Interestingly, in papers 
I and III, parenteral immunisation with soluble strong antigens like flagellin was able to 
induce specific mucosal IgA in the intestine. However, some of this IgA may have gained 
access from serum to the intestine via the hepatobiliary pathway. Nevertheless, it does 
appear that weak antigens bound to a polymer carrier given parenterally do not have the 
capacity to induce specific s-IgA at mucosal sites. 

In order to further assess the Th1/Th2 balance, the cytokine profile was studied in 
experiment 1 by restimulating splenocytes from immunised or naïve mice in vitro. The 
response to HSA was directly linked to the dose; cytokine production increased with 
increased concentrations of HSA. Further, cytokine production continued to increase over 
time. All three groups immunised with HSA-microparticles responded with high amounts 
of IFN- , IL-2 and IL-5, indicating a mixed Th1/Th2 response. No IL-4 response was 
detected in any of the groups at the time points assayed (Table 6).  

TABLE 6. Cytokine analyses in supernatants from activated primed splenocytesa after 72 h.  

Immunisationa
IFN-

(ng/mL) 

IL-2

(ng/mL) 

IL-5

(ng/mL) 

IL-4

(ng/mL) 

Or-or-or-or 3.3 3.4 3.0 - 

Sc-sc-or-or 2.9 2.7 2.2 - 

Sc-sc-sc-sc 3.1 2.5 2.3 - 

Naive - 0.06 - - 
a Mice were immunised according to Fig. 13 a and sacrificed on day 76 (2 weeks after the 
last booster). Splenocytes were pooled by group and stimulated in vitro with 1mg of 
HSA/well. Cytokine assays were performed on duplicate supernatants collected 72 h after 
stimulation.  

In addition, a DTH test was performed to study the development of the cellular immune 
response in experiment 2. The DTH results showed that the HSA-microparticles could 
induce a strong cellular immune response in all the groups studied independently of the 
route of administration (Table 7).  
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TABLE 7. The delayed-type hypersensitivity (DTH) response 72h after intradermal 
challenge. The DTH response was measured as the increase in ear thickness after injection 
of 10 L HSA antigen in the ear two weeks after the 2nd booster. 

Groupa % Increase in ear thickness 72h after challenge 

(mean ± SEM)b

Im-im-im 78 ± 9

Im-or-or 115 ± 30 

Or-or-or 80 ± 17 

Or-im-im 62 ± 5 

Control 3 ± 3 
a Groups of mice were immunised according to Fig. 13 b. bValues are given as arithmetic 
means (SEM) (n=4). The increase in ear thickness was significantly greater in all groups 
immunised with HSA-microparticles than in the control group (p < 0.01). 

The mucosal immune response induced seems to contradict the strong cellular immune 
response (DTH test) observed in all groups. This dual Th1/Th2 response may have 
occurred because of the ability of HSA to give rise to different peptides upon degradation, 
each with distinct abilities to induce either a Th1 or a Th2 response. Several studies have 
demonstrated that different routes of immunisation can induce different patterns of T and B 
cell epitope recognition [271]. Todryk et al. have demonstrated that the route of 
administering vaccine and adjuvant (subcutaneous, intraperitoneal, oral) clearly had an 
effect on both T- and B-cell epitope recognition within a streptococcal antigen, when the 
effect of extracellular degradation in the different compartments was taken into 
consideration e.g. [272]. In our study, the route of administration probably influenced the 
degradation pattern of the HSA-conjugated starch microparticles. In addition, the 
subclasses in serum indicated a mixed Th1 and Th2 response with a greater Th2 influence 
in all groups. There were no differences in the cytokine profiles or the cellular responses 
between the groups. However, the subclass ratio in experiment 2 indicated that the 
administration route (intramuscular or subcutaneous) may have impacted on the 
polarisation of the Th1/Th2 balance. 

Other important factors that could have an impact on the polarisation of the Th1/Th2 
response are the adjuvant and the antigen itself. The starch microparticles have been 
shown to induce IL-1 production in macrophages cultured in vitro but are are not 
inherently immunogenic [187]. The HSA antigen appears to induce a default Th2 
response. It has been demonstrated that when microbial constituents are not available to 
stimulate DCs to produce IL-12 and other Th1-inducing cytokines, a Th2 response is 
developed (reviewed in [273]). In experiment 2, the subclass ratios were much higher than 
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those observed in experiment 1. This possible discrepancy might not only be due to the 
choice of intramuscular rather than subcutaneous routes, but also to the antigen dose, 
which was twice that in experiment 1. High affinity TCR clones are preferentially selected 
when the antigen dose is low and have a greater tendency to develop a Th1 response, 
while lower affinity TCR clones are likely to be activated when the concentration of 
antigen is high, which would lead to a Th2 response e.g. [274], [273].  
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CONCLUDING REMARKS 

The Salmonella vaccination studies using different secreted and/or surface components of
S. enteritidis show some rather interesting results. The main inducers (antigens) of the 
immune responses observed were flagellin (papers I and III) and LPS (paper I). These 
findings might not be totally new but it is intriguing that purified flagellin given mucosally 
on its own is such a potent immunogen. Flagellin is also interesting in that it is known to 
bind to TLR5, which in turn induces a range of proinflammatory responses and in addition 
attracts DCs by inducing the release of CCL20. These are all valuable features when 
effective induction of an immune response is wanted. Other interesting components that 
have been used in experimental vaccination studies are the CpG-motifs (bacterial DNA) 
that bind to TLR9 and induce a rather strong cellular immune response [275]. The results 
of this thesis have led to the conclusion that flagellin would be a most interesting 
component of a combined subunit vaccine against enteric pathogens such as Salmonella
and ETEC, and also that it could have potential as an adjuvant for use in mucosal 
immunisation.  

The polyacryl starch microparticles had good adjuvant properties. However, they failed to 
potentiate the immune response in the flagellin study. Similarly, in the fimbriae study 
(paper IV), SafB/D was immunogenic when given by all routes except orally. It is thus 
evident that the microparticles were not able to trigger an immune response to this 
particular antigen in the inductive site of the intestines. However, it should be emphasised 
that when HSA was conjugated to these microparticles in another study, they were 
efficient adjuvants after both parenteral and oral administration [186]. The microparticles 
were taken up satisfactorily by the porcine respiratory nasal epithelium (paper II). The 
cells that were responsible for this have not yet been identified but they appear to be non-
ciliated and, in some cases, without visible microvilli. No M-cell structures or adjacent 
lymphocytes were detected near the cells that took up the microparticles. 
Anticytokeratine18 did stain mucus-producing cells but no M cells were seen in our 
preparations.  

Changing the route of administration of HSA-microparticles from oral to parenteral or vice 
versa caused changes in the IgG subclass ratios (paper V). The mucosal immune response 
was induced by oral but not parenteral immunisation. The microparticles appear to be 
effective adjuvants in oral boosters following parenteral priming, a situation which could 
be clinically useful in humans. 
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