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ABSTRACT

A prerequisite for bacterial disease is bacterial colonization on mucosal surfaces, 
which is initiated by the adherence of bacteria to the host cell surface and usually 
mediated by adhesins. A promising strategy to prevent bacterial diseases is by hindering 
bacterial invasion with antibodies directed against adhesins that interrupt their 
recognition of common receptor structures. Pure adhesins usually elicit poor immune 
responses and need to be administered together with an adjuvant. Certain strains of lactic 
acid bacteria exhibit immunostimulative properties and have the potential to function as 
live, safe and food-grade vaccine carriers. Protective immune responses by such vaccine 
carriers require efficient antigen expression, either on the cell surface or in the cytoplasm. 
Antigens anchored to the cell surface of lactic acid bacteria are exposed to the activity of 
cell surface proteases, such as the serine protease HtrA, which may restrict antigen 
display to negligible quantities. 

In this work, the adhesin of the F18 fimbriae of Escherichia coli strains colonizing the 
microvilli of porcine small intestinal epithelial cells and causing porcine post-weaning 
diarrhoea (PWD) and pig oedema disease (OD) was studied. The work aims at 
developing a live vaccine vector against the diseases caused by E.  coli strains expressing 
F18 fimbriae. The entire E. coli F18 fimbrial gene cluster was sequenced and the adhesin 
(FedF) of F18 fimbriae was characterized by inhibition experiments with antibodies 
directed against the fimbrial subunits. Naked FedF appeared to be very unstable but could 
be produced as a fusion protein with maltose binding protein (MBP). Specific adhesion to 
isolated porcine intestinal epithelial cells was demonstrated with MBP- FedF fusions. 
Deletion studies with fedF revealed that a region essential for adhesion to porcine 

intestinal epithelial cells is located between amino acid residues 60 and 109. Three single 
amino acid residues important for the F18 fimbrial adhesion were localized by point 
mutation studies. The adhesion potential of the putative binding domain was eliminated 
after treatment with iodoacetamide, suggesting the formation of a disulphide bond 
between Cys-63 and Cys-83. 

In the second part of the study, the htrA gene, encoding a stress-inducible HtrA-like 
protein, was found and characterized for the first time in lactobacilli. Subsequent studies 
with Lactococcus lactis HtrA protein suggest a unique role for this protein as a 
housekeeping protease responsible for the degradation of abnormal exported proteins. An 
HtrA-defective Lc. lactis NZ9000 mutant was constructed to determine its effect on the 
expression of the receptor binding domain of E. coli F18 fimriae in Lc. lactis, secreted or 
cell wall anchored. Two partially overlapping receptor binding domains (42 and 62 amino 
acid residues) were expressed as fusions with Lc. lactis subsp. cremoris PrtP protein for 
evaluation of the secretion efficiency. To determine cell surface display of these FedF-
PrtP fusions, they were further combined with different lengths of PrtP spacers fused 
either with the Lc. lactis AcmA anchor or the PrtP cell wall binding domain. 
Recombinant Lc. lactis clones, secreting the receptor binding domain of F18 fimbriae as 
fusion with the H-domain of Lc. lactis PrtP protein, were first constructed using two 
different signal peptides. FedF-PrtP fusions, directed by the signal sequence of L. brevis 
SlpA, were throughout found to be secreted at significantly higher quantities than 
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corresponding fusions with the signal peptide of Lc. lactis Usp45. In the surface display 
systems tested, the Lc. lactis AcmA anchor performed significantly better, particularly in 
Lc. lactis NZ9000∆htrA strain, as compared with Lc. lactis PrtP anchor region. 

From the cell surface display constructs with the AcmA anchor, only those with the 
longest PrtP spacer regions resulted in efficient binding of recombinant Lc. lactis cells to 
porcine intestinal epithelial cells. These results confirmed that it is possible to efficiently 
produce the receptor binding domain of the F18 adhesin in functionally active form in Lc. 
lactis. 
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Abbreviations

aa amino acid
ASC antibody-secreting cell
bp base pair
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DNA deoxyribonucleic acid
ELISA enzyme-linked immunosorbent assay
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HtrA high temperature requirement protein A
Ig immunoglobulin
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1. INTRODUCTION

Most bacterial diseases begin with microbial colonization of a particular mucosal 
surface, usually of the respiratory, gastrointestinal or genitourinary tract (Beachey, 1981; 
St. Geme III, 1997). The colonization of hosts by bacteria, a prerequisite event in the 
infection process, is initiated by the adherence of bacteria to the host cell surface. The 
adherence, which enables the organism to overcome local defences such as mucociliary 
function and peristalsis, is usually mediated by specialized proteins called adhesins 
(Gibbons, 1973; Moch et al., 1987; Hanson and Brinton, 1988; Krogfelt et al., 1990; 
Haslam et al., 1994; St. Geme III, 1997). These adhesins are responsible for recognizing 
and binding to specific receptor structures of the host cells. The binding event may 
stimulate different signal transduction cascades in the host cell that activate host defences 
or inhibit cellular processes facilitating bacterial invasion. Alternatively, the attachment 
may stimulate expression of new genes in the microbe necessary in the pathogenic 
process (Soto and Hultgren, 1999). The recognition of host receptor moieties by adhesins 
is sensitive, allowing for selective interaction with the host. This interaction between 
adhesins and receptor structures determine (at least in part) the host-specificity and tissue 
tropism of microbes. Many bacteria flourish in diverse natural niches, whereas others are 
restricted to a specific microenvironment (Hultgren et al., 1993). E. coli strains 
expressing K88 and CFA1 adhesins are restricted to intestinal tissues of pigs and humans, 
respectively (De Graaf and Gaastra, 1994). Helicobacter pylori, Streptococcus pyogenes
and Haemophilus influenzae are other examples of bacteria with highly specific tissue 
tropism; these strains can only colonize humans (Hultgren et al., 1993). Most bacterial 
adhesins are proteinaceous and may contain either carbohydrates or lipids but non-
proteinaceous adhesive factors have also been described (Lee and Caparon, 1996). 
Bacterial adhesins are often found in hair-like appendages called pili or fimbriae that 
extend outward from the bacterial surface (Smyth et al., 1996; Soto and Hultgren, 1999; 
Klemm and Schembri, 2000). Alternatively, they can be directly associated with the 
microbial cell surface (non-fimbrial adhesins), likely as monomers or simple oligomers 
(Goldhar et al., 1987; Benz and Schmidt, 1989; Hultgren et al., 1993).  

Within the last few decades, research has been directed at the development of vaccines 
to prevent bacterial colonization by using the fimbrial structure (Rutter and Jones, 1973; 
Silverblatt and Ofek, 1978; Beachey, 1981; Pecha et al., 1989; Moon and Bunn, 1993). 
Fimbriae-based vaccines to control enterotoxigenic E. coli (ETEC) infections in neonatal 
farm animals have been in commercial use since 1980 in the United States. These 
fimbrial vaccines are usually intended for parenteral administration and are composed of 
a mixture of different fimbrial antigens and sometimes toxins as well, because the major 
immunodominant component of such fimbrial structures typically lacks cross-protective 
epitopes (Moon and Bunn, 1993). Adhesins, or the receptor binding region of adhesins 
recognizing invariant receptor structures, by contrast, tend to be highly conserved 
between bacterial species (Abraham et al., 1988; Langermann et al., 1997; Seo et al., 
2002). Adhesin-based vaccines may for this reason elicit protection against a wider range 
of bacteria. Promising results have already been obtained from vaccination experiments 
with different adhesins (Langermann et al. 1997, 2000, 2001; Palaszynski et al., 1998; 
Guzman et al., 1999; Cutter et al., 2002; Dean-Nystrom et al., 2002). Pure adhesins 
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generally elicit poor immune responses, especially when orally given, and need to be 
administered together with a protective and immunostimulative carrier molecule. During 
the last few years much attention has been focused on the functionality of lactic acid 
bacteria (LAB) as potential antigen delivery vehicles. Adhesive properties, acid 
persistence and safety aspects are some of the advantages described in using LAB as 
antigen carriers. However, for adequate stimulation of the host immune system, antigen 
expression and presentation to the immune system need to be optimized. 
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2. REVIEW OF THE LITERATURE

2.1. Structure and regulation of bacterial fimbriae

Fimbriae (pili) are wiry (2-5 nm in diameter) or rod-shaped (6-8 nm in diameter) fibre-
like structures. Their length varies between 0.2 and 20 µm, and they are dispersed on the 
bacterial surface in numbers ranging from 100 to 1000 per cell (Krogfelt, 1991). Several 
different fimbriae may originate from a single strain of bacteria (Morris et al., 1982; 
Brinton et al., 1983). The fimbrial rod, composed of hundreds to several thousand copies 
of fimbrillin protein subunits varying in size from 15 to 30 kDa, is held together by 
hydrophobic and electrostatic interactions (Krogfelt, 1991). Type 1 fimbriae are 
expressed by most wild-type E. coli strains (Abraham et al., 1988; Krogfelt et al., 1990). 
The P-type fimbria, expressed by uropathogenic strains of E. coli, is also well known 
(Kuehn et al., 1992; Soto and Hultgren, 1999). The backbone of these two fimbriae is a 
polymer of their major protein subunits assembled as helices enclosing an axial channel 
(Gong and Makowski, 1992). Minor proteins, such as adhesins or linker proteins 
anchoring the adhesin molecules to the fimbrial structure, can be found along the fimbrial 
shaft or at its tips (Abraham et al., 1987; Kuhn et al., 1992). Minor proteins may also act 
as initiators or terminators of fimbrial biosynthesis (Klemm and Christiansen, 1987; 
Riegman et al., 1990; Jacob-Dubuisson et al., 1993). Different types of fimbriae have 
been characterized from enterotoxigenic E. coli strains (ETEC) of farm animals and are 
presented in Table 1.

Regulatory genes are often found immediately upstream of fimbrial gene clusters in 
bacteria. The proteins encoded by these genes can function either as negative or positive 
regulatory factors (Klemm, 1986; Göransson et al., 1989). Three major regulatory 
mechanisms for the production of fimbrial subunits in E. coli have been reported; low 
temperature arrest, phase variation and growth conditions (Krogfelt, 1991). H-NS 
(histone-like nucleoid-structuring protein) is suggested to be a global regulator of fimbrial 
gene expression in E. coli. Several different types of fimbriae in E. coli, including Pap, 
type I, CFA/I, 987P and F1845 fimbriae, are regulated by H-NS in response to 
environmental cues (Göransson et al., 1990; Kawula and Orndorff, 1991; Jordi et al., 
1992; Olsen and Klemm, 1994; Edwards et al., 1998; White-Ziegler et al., 1998, 2000). 
The expression of Pap (pyelonephritis-associated pili) and F1845 fimbriae is known to be 
regulated by a phase variation mechanism in which the fimbriae expression state of the 
bacterial population alternate between a transcriptional active (phase-on) and an inactive 
(phase-off) state (Low et al., 1987; Hale et al., 1998). Inactivation of these fimbrial 
operons is probably due to methylation patterns of GATC sequences within the 
regulatory regions by the activity of deoxyadenosine methyltransferase (DAM) (Blyn et 
al., 1990; van der Woude et al., 1998; White-Ziegler et al., 2000).          
Four principal mechanisms for the biogenesis and assembly of bacterial fimbriae are 

known: the chaperone-usher pathway, the general secretion pathway, the extracellular 
nucleation-precipitation pathway and the alterative chaperone pathway. These are the best 
understood systems to date, but other systems have also been reported (Hultgren et al., 
1993). 
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Table 1. Fimbriae (pili) of enterotoxigenic E. coli (ETEC) of farm animals. Adapted 
from Nagy and Fekete (1999) with some modifications.

Fimbria   Variant  Mannose sensitivity Associate O-type Localization of genes

F4 (K88) ab
ac R O8, O141, O149 plasmid
ad

F5 (K99) R O8, O20, O101 plasmid
F6 (987P) R O9, O20 plasmid
F17 (Fy) chromosome
F18 ab (F107) R O139, O141 plasmid

ac (2134P) R O138, O141, O147, O157 plasmid
F41 R O101 chromosome
F42 R ? plasmid
F165 R O115 chromosome

R: mannose-resistant

2.2. Escherichia coli F18 fimbriae

2.2.1. E.  coli F18 as causative agents

F18 fimbrial Escherichia coli strains adhere to the microvillus of small intestinal 
epithelial cells in piglets and are associated with porcine post-weaning diarrhoea (enteric 
colibacillosis) and pig oedema disease (E. coli enterotoxaemia), which occur after 
weaning or transfer to fattening premises. These infectious endemic porcine diseases are 
the most widespread causes of mortality in recently weaned pigs (Bertschinger and Gyles, 
1994; Hampson, 1994; Gaastra and Swennerholm, 1996). F18 fimbriated E. coli strains 
adhere to the microvillus of small intestinal epithelial cells of weaned pigs but not to 
newborn pigs (Nagy et al., 1992). 
The two variants of F18 fimbriae, F18ab and F18ac, differ in the amino acid sequence 

of the major fimbrial subunit FedA (Nagy et al., 1997). The two variants display a 
common antigenic factor ‘a’ and two specific factors ‘b’ and ‘c’ (Rippinger et al., 1995), 
and can be distinguished by serology and by restriction enzyme digestion of PCR 
products (Imberechts et al., 1994; Wittig et al., 1994; Bosworth et al., 1998). The F18ab 
variant is often expressed by verotoxigenic E. coli strains (VTEC), usually of serotype 
O139, producing the Shiga-like toxin (SLT) variant SLT-IIv and causing oedema disease 
(Bertschinger and Gyles, 1994; Imberechts et al., 1994).  The F18ac fimbrial E. coli
strains often belong to serogroups O138, O141 or O157 and cause diarrhoea by 
expressing heat-labile (LT) or heat-stable (STa, STb) enterotoxins, either together with or 
without Shiga-like toxin (Nagy et al., 1997). F18ac fimbriae are more typical of ETEC 
strains. E. coli strains expressing F18ab fimbriae are in general less adhesive than F18ac 
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fimbriated E. coli strains, probably due to a more prone expression of F18ac fimbriae in 
vivo and in vitro (Nagy et al., 1997). 
Clinical signs of oedema disease (OD) are subcutaneous oedema of the eyelids, 

neurological signs and sometimes diarrhoea too. After onset of symptoms, OD is fatal 
even when treated with antibiotics, and pigs are often found dead without previous signs 
of illness. Morbidity is usually low, but as case fatality can reach 90%, some farms may 
suffer from a mortality rate of up to 60%. The symptoms of post-weaning E. coli
diarrhoea (PWD) include watery diarrhoea or sometimes a mixture of OD and PWD 
(Hampson, 1994). PWD causes high economic losses in the main swine rearing area of 
Finland. 
No commercial vaccines are thus far available against E. coli infections related to F18 

fimbriae. Preventive methods against post-weaning infections, apart from hygienic 
animal husbandry, include prophylactic treatment with feed antibiotics or ZnO before and 
during the first weeks after weaning (Göransson et al., 1995). The practice of preventing 
OD and PWD by prophylactic antimicrobials or feed antibiotics no longer meets the 
criteria for rational use of antibiotics in production animals in view of the development of 
drug resistance and residues in meat.

2.2.2. F18 fimbrial operon

The fed gene cluster, encoding the F18 fimbriae, is only about 5.6 kb in size and is 
composed of five genes (Figure 1). The gene encoding the major protein, FedA, and the 
two genes encoding the minor proteins, FedE and FedF, were first described by 
Imberechts et al. (1992, 1996). The other two fed genes, i.e. fedB and fedC, were 
characterized in this study and found to encode the putative usher protein (FedB) and the 
chaperone (FedC) of F18 fimbriae (I). The specific adhesive property of F18 fimbriae is 
associated with FedF, which is now known to be the adhesin of F18 fimbriae. The 
function of FedE remains unknown.
The genes involved in the biosynthesis of F18 fimbriae are located on plasmids of 

varying sizes (coding capacity of 42 to 98 MDa) and have often been linked with 
determinants for haemolysin and enterotoxin production (Dean-Nyström et al., 1993; 
Wittig et al., 1994; Fekete et al., 2002). The gene encoding the afimbrial adhesin AIDA 
(adhesin involved in diffuse adherence) is also frequently found on the same plasmid as 
the fed gene cluster (Mainil et al., 2002). The plasmids carrying F18 fimbrial gene 
clusters are unireplicon plasmids and belong to the RepFIc replicon family of the F 
incompatibility complex (Fekete et al., 2002). Plasmids carrying the genes for F18ab 
fimbrial biosynthesis vary more in size than those harbouring the genes necessary for 
F18ac fimbrial biosynthesis. The coding capacity for the former ranges between 42 and 
98 MDa, whereas that for the latter is 98 MDa (Fekete et al., 2002). Special culture 
condition necessary for F18 fimbriae expression from wild-type E. coli strains in 
laboratory conditions has been described (Wittig et al., 1994), but the regulation 
mechanism of the genes in the fed gene cluster is thus far unknown.
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Figure 1. Genetic organization of the fed gene cluster. Molecular masses calculated for 
the gene products are given in kDa below the boxes. The gene encoding the adhesin of 
F18 fimbriae is represented by the shaded box.

2.2.3. Structure of F18 fimbriae 

The length of the F18 fimbrial structure is 1-2 µm and the diameter 3-7 nm (Rippinger 
et al., 1995; Nagy et al., 1997; Hahn et al., 2000). Staining artefacts is suggested to be the 
main explanation for the broad variation in measured diameters of F18 fimbriae, as the 
high affinity of negative stains for the bacterial body bearing fimbriae makes their 
deposition enormously high, thereby hindering precise measurement from in situ samples 
(Hahn et al., 2000). The backbone of the fimbrial structure is a polymer of the major 
protein, FedA (Imberecht et al., 1992). Structural analysis of F18 fimbriae by electron 
microscopy reveals that the axially repeating units alternate in a “zigzag” manner around 
the helical axis with an axial rise of 2.2 nm. Two repeating units give rise to a 4.3-nm 
helical repeat, and an axially repeating pattern with 27-nm spacing has been established. 
The molecular mass of the repeating unit is 25.4 kDa, as determined by STEM, which 
suggests that the presence of additional structural subunits, i.e. FedE and FedF contribute 
to the 27-nm repetitive pattern (Hahn et al., 2000). To date, the spatial distribution of 
FedE and FedF in the fimbrial shaft has not been evaluated. However, FedE- or FedF-
defective mutants produce significantly longer fimbriae than the native F18 fimbriae 
strain (Imberechts et al., 1996), indicating regulatory functions for FedE and FedF in F18 
fimbrial biosynthesis.  While F18 fimbrial filaments do not aggregate in pure water or 
weak buffer conditions (e.g. PBS), they do aggregate in the presence of heavy metal salts 
(Hahn et al., 2000). 

2.2.4. Receptor for F18 fimbriae

The receptor structure for F18 fimbriae is unknown. However, the Escherichia coli F18 
receptor locus (ECF18R) has genetically been mapped to the halothane (stress sensitivity) 
linkage group on porcine chromosome 6 (Vögeli et al., 1996). The genes encoding 
the α(1,2)fucosyltransferases FUT1 and FUT2 have been isolated from the ECF18R
region (Meijerink et al., 1997) and have recently been shown to be expressed in the 
porcine small intestine (Meijerink et al., 2000). FUT1 and FUT2 contribute to the 
formation of blood group antigen structures present on the cell membrane and in 
secretions, and are thought to be the porcine equivalent of the human blood group H and 
secretor loci (Meijerink et al., 2000). 
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Pigs that were resistant to F18-mediated adhesion and oedema disease had amino acid 
substitutions at positions 103 (Ala→Thr) and 286 (Arg→Glu) in the FUT1 enzyme. The 
alanine substitution for threonin at position 103, in particular, was revealed to reduce 
FUT1 activity and to significantly affect the adhesion ability of F18-fimbriated E. coli
strains to porcine intestinal mucosa (Meijerink et al., 2000). Thus, FUT1 is likely to be 
involved in the synthesis of structures that enable adhesion of F18 fimbrial E. coli to the 
intestinal mucosa of pigs (Meijerink et al., 2000). Analysis of a large Swiss pig 
population has shown that amino acid substitution at position 103 is a good marker for 
animals resistant to E. coli F18 adhesion. However, how selective breeding of resistant 
pigs affects stress sensitivity remains obscure. Stress-sensitive pigs are more prone to 
sudden death in stressful situations and to produce pale, soft, exudative (PSE) meat. The 
multifaceted nature of oedema disease makes infection experiments tricky, as bacteria 
alone will not necessarily cause onset of the disease.

2.2.5. Oral vaccination against E. coli F18

Mucosal surfaces are protected from pathogens by mucosa-associated immune tissue 
(MALT) (Saif, 1996). Typical of MALT is selectively produced secretory (S) IgA 
antibodies which secrete onto mucosal surfaces, but in young pigs IgM also secrete in the 
gut (Bianchi et al., 1994). Secretory immunoglobulins (SIg) plays a major role in 
maintaining mucosal integrity, e.g. by preventing invasion of pathogens from the mucosa 
by blocking attachment or invasion and by neutralization. Oral immunizations mimic the 
natural way that most pathogens enter the host and infect mucosal surfaces. However, 
orally administered non-replicating and soluble antigens usually elicit poor SIgA 
response of short duration or lead to oral tolerance. Yuan et al. (1998) demonstrated in 
pigs that live rotaviruses are more efficient in inducing intestinal IgA responses than dead 
viruses. Indeed, live recombinant vectors are known to be able to overcome the down-
regulation mechanisms associated with the induction of mucosal immunity via oral 
immunization (Saif, 1996). 

The protective function of antibodies raised against F18 fimbriae has been 
demonstrated (Imberechts et al., 1997; Yokoyama et al., 1997). Both passive and active 
oral immunizations based on F18 fimbrial antigens have been performed to study the 
prevention of oedema disease (Imberechts et al., 1997; Yokoyama et al., 1997; 
Bertschinger et al., 2000). Passive immunization of piglets with egg yolk antibodies 
raised against F18ac (Yokoyama et al., 1997) or F18ab (Imberechts et al., 1997) reduced 
excretion of challenge bacteria and protected experimentally challenged pigs from 
diarrhoea and death. Anti-F18ac chicken antibodies were shown to inhibit attachment of 
F18ab-positive E. coli bacteria to the pig intestinal mucosa (Imberechts et al., 1997).
Promising results have also been obtained with oral treatment using live F18ab or 

F18ac E. coli strains. Oral immunization of weaned pigs that were genetically susceptible 
to E. coli F18 resulted in 2-5 log-reduced bacterial counts after oral challenge with 
homologous or heterologous strains (Sarrazin and Bertschinger, 1997). Significantly 
increased levels of anti-F18 antibodies, especially IgA, were detected in serum and 
intestinal washings of the pigs after colonization with E. coli F18. The serum F18-
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specific IgA titre was suggested to provide a useful indicator of local immune responses 
to live vaccines against F18 fimbriae (Sarrazin and Bertschinger, 1997), although 
vaccines given by mucosal route do not necessarily increase serum antibodies but elicit 
high numbers of circulating antibody-secreting cells (ASC) (Arvilommi, 1996). 
Therefore, the use of ASC responses to assess protective ability of oral vaccines has been 
proposed. 

2.3. Adhesins as vaccine candidates

2.3.1. Features of adhesins as vaccine candidates 

The most effective strategy to prevent diseases caused by bacteria and viruses may be 
to obstruct microbial adhesion to host cell receptors (Figure 2). The use of whole fimbriae 
as vaccines to prevent bacterial infections has been studied extensively over the past three 
decades (Rutter and Jones, 1973; Silverblatt and Ofek, 1978; Beachey, 1981; Nagy and 
Walker, 1983; Pecha et al., 1989; Moon and Bunn, 1993). Although the results have been 
promising, the protection received from fimbriae-based vaccines is usually limited to a 
few bacterial strains since the major immunodominant component of fimbria fibres is 
antigenically variable (Langermann et al., 1997). Fimbriae-associated adhesins 
recognizing common receptor structures, on the other hand, are typically well conserved 
among different strains and species of bacteria. Adhesin-based vaccines thus could give 
protection against a wider range of bacteria (Abraham et al., 1988; Langermann et al., 
1997; Seo et al., 2002). Because adhesins are often only minor components of fimbriae, 
intact or whole fimbriae do not usually obtain a strong antibody response to the adhesin 
(Lindberg et al., 1987; Pecha et al., 1989; Imberechts et al., 1996; Langermann et al., 
1997). The most effective route for inhibiting microbial adhesion on mucosal surfaces, 
such as at the respitory, gastrointestinal or genitourinary tract, may be local induction of 
secretory IgA antibodies (Wizemann et al., 1999). However, humoral IgG antibodies 
directed against the type I adhesin (FimH) were able to protect mice from bladder 
infections with uropathogenic E. coli strains expressing type I fimbriae (Langermann et 
al., 1997; Palaszynski et al., 1998).
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Figure 2. Four mechanism of bacterial adherence where anti-adhesin vaccines could 
potentially block colonization and infection. (A) Fimbriae protruding from the bacterial 
surface. Antibodies targeting the adhesin protein block the bacterial/host interaction. (B)
A similar process of bacterial/epithelial cell interactions mediated by afimbrial adhesin 
proteins. In this case, antibodies directed against the bacterial surface proteins should also 
block attachment and colonization by impeding the ability of the bacteria to associate 
with mucosal tissues. (C) Some bacteria establish intimate associations with eukaryotic 
cells by intimin proteins, resulting in cytoskeletal rearrangements, host cell signaling, 
possible internalization of the bacteria, and in many cases systemic disease. Blocking the 
intimate association/adherence may also be another strategy to prevent bacterial 
infections. (D) Shows a novel mechanism whereby bacteria secrete their own receptor 
protein, which is internalized by the target host cell, phosphorylated, and embedded in the 
eukaryotic cell as a new receptor for tight binding by the bacterium. Theoretically, 
blocking the secreted receptor (Hp90) before it is internalized by the host cell could 
provide another mechanism to block bacterial adherence and infection. The figure is 
adapted from Wizemann et al. (1999).
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2.3.2. Immunization studies with adhesin-based vaccines

The ability of antibodies directed against the type I fimbriae adhesin (FimH) to reduce 
attachment and its significance in preventing heterologous strains of uropathogenic E. 
coli to colonize and infect host epithelium have been well studied (Langermann et al.
1997, 2000, 2001; Palaszynski et al., 1998). Passive immunization with sera from 
animals vaccinated with FimH vaccines inhibited type I fimbriae expressing E. coli from 
binding to human bladder cells in vitro, and resulted in reduced bladder colonization in a 
murine cystitis model (Langermann et al., 1997; Palaszynski et al., 1998). Mice or 
monkeys immunized with FimH together with its cognate chaperone, FimC, or a 
truncated form of FimH, developed high levels of long-lasting serum IgG directed against 
FimH. Further, the FimH-based vaccines significantly (>99%) reduced bladder 
colonization of uropathogenic E. coli in mice (Langermann et al., 1997; Palaszynski et 
al., 1998). Three out of four monkeys vaccinated with FimH-based vaccines were 
protected from bacteruria and pyuria (Langermann et al., 2000). Promising results have 
also been obtained from immunization experiments with adhesins from other bacteria. 
The major streptococcal adhesin SfbI, intranasally administered to mice, showed efficient 
protection against lethal challenge with homologous and heterologous strains of 
Streptococcus pyogenes (Guzman et al., 1999; Schulze et al., 2001). Antigen-specific 
IgA and IgG in lung washes were observed in addition to humoral immune responses. 
The use of enterohaemorrhagic E. coli (EHEC) O157 adhesin (intimin0157) in vaccines 
against EHEC pathogens has also been reported. Parenteral vaccination of pregnant dams 
with purified intimin0157 increased intimin0157-specific antibody titres in colostrum and 
serum of dams, protecting suckling piglets from E. coli O157:H7 infection (Dean-
Nystrom et al., 2002). Immunization of mice with intimin prevented colonization with the 
intimin-positive pathogen Citrobacter rodentium (Ghaem-Maghami et al., 2001). Orally 
administered pneumococcal surface adhesin (PsaA) gave effective protection against a 
fatal bacterial challenge at doses of up to 45 times the LD50 (Talkington et al., 1996; Seo 
et al., 2002). The use of toxins as a mucosal adjuvant together with the adhesin may give 
stronger protection against bacterial challenge than the adhesin molecule alone. The co-
delivery of cholera toxin B subunit (CTB) and cholera toxin (CT) improved the 
immunogenicity of Streptococcus pneumoniae PsaA (Seo et al., 2002), and vaccines 
containing filamentous haemagglutinin (FHA) in combination with pertussis toxin (PT) at 
a ratio of 1:11 or 2:10 gave better protection against aerosol and intracerebral challenge 
with Brucella pertussis (Watanabe et al., 2002). Addition of mutant cholera toxin (CT-
E29H) to the Haemophilus influenza Hap adhesin-based vaccine increased the mucosal 
and serum anti-Hap antibody titre (Cutter et al., 2002). A similar result has been obtained 
in vaccination studies with the receptor-binding subunit of the N-acetylneuraminyl-
lactose-binding haemagglutinin from Helicobacter pylori (Kim et al., 2001). 
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2.4. Lactic acid bacteria (LAB) as live vaccines

2.4.1. Properties of LAB as antigen carriers  

The use of live viral or bacterial vectors for the production of particular antigens in vivo
was first described in the early 1980s (Formal et al., 1981). Since then, research has 
focused on attenuated variants of pathogenic strains (non-invasive or invasive), such as 
Mycobacterium and Salmonella, for the development of live mucosal vaccines (Chatfield 
et al., 1992; Kremer et al., 1998). Because of safety issues, such attenuated strains are not 
recommended for the elderly, infants or people with impaired immune systems. 
Therefore, development of safer and more acceptable antigen carrier strains for use in 
humans and animals is warranted. Strains investigated include Lactococcus lactis,
different Lactobacillus species and Streptococcus gordonii. 

Lactic acid bacteria (LAB) form a heterogeneous group of non-sporulating, Gram-
positive bacteria with a wide distribution in nature. They represent a major component of 
the normal microbiota in the mouth, the gastrointestinal tract and the urogenital tract of 
humans and animals and are also found on plant surfaces. LAB are used in the 
manufacturing of a broad range of fermented dairy products, vegetables, fermented meat 
and ensilage (McKay and Baldwin, 1990) and are generally considered to be ‘safe’ 
organisms (Adams and Marteau, 1995). The use of LAB in food processing and food 
preservation has a long tradition. 
The health-promoting (probiotic) properties of certain LAB strains in humans and 

animals have recently been much studied. These properties include antagonistic effects 
against invading pathogens and cancer, production of antimicrobial substances, an 
anticholesteremic effect, adjuvancy and immunomodulation (Salminen et al., 1996; 
Kasper, 1998; Pouwels et al., 1998). Several products containing probiotic LAB strains 
are already commercially available for human use or for prevention of intestinal 
infections in domestic animals.  
In addition to safety and health-promoting aspects, acid tolerance (surviving the 

passage through the stomach), the lack of lipopolysaccharides (LPS) in their cell wall 
eliminating the risk of endotoxic shock, and the capacity of many LAB to colonize 
specific regions of the mucosa are other factors making LAB attractive candidates as 
carriers of antigens for mucosal vaccination (Wells et al., 1996; Neuman et al., 1998; 
Pouwels et al., 1998; Mercenier et al., 2000; Seegers; 2002; Nouaille et al., 2003). 
Proteins present in the extracellular matrix of mucosal tissues, such as fibronectin, 
collagen, elastin, laminin and proteoglycans, are putative receptor candidates to which 
colonizing strains of LAB may adhere (Pouwels et al., 1998). The property of certain 
lactobacilli strains to adhere to specific mucosal niches can be used to stimulate a strong 
long-lasting local immune response (Slos et al., 1998; Grangette et al., 2002). However, 
vaccination with colonizing vaccine vectors could lead to tolerance toward the antigen 
and may not always be desirable (Nouaille et al., 2003). The immune responses, when 
LAB are used as vaccine vehicles, generally remain at very low levels. However, 
measurable levels of systemic and secretory anti-lactococcal antibodies were found in 
mice after inoculation (oral or parental routes) with two strains of Lc. lactis (Norton et 
al., 1994). Besides the bacterial strains and route of inoculation, the immunogenicity of 
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lactococcal proteins differed in the three mouse strains used. A lower anti-bacterial 
immune response to lactococcal recombinant strains than wild-type variants has been 
demonstrated (Mercenier et al., 2000). 
In vaccination experiments with lactobacilli vehicles, parenteral inoculation induced 

formation of IgG antibodies in experimental animals, in contrast to oral immunization, 
which only generated low titres of anti-lactobacilli antibodies (Pouwels et al., 1998). As 
certain strains of lactobacilli are natural members of the gut microbiota of humans and 
animals, they may be accepted by the local immune defence system (Pouwels et al., 
1998). Even if the intrinsic immune response to LAB is usually low, many strains of 
lactobacilli show strong adjuvant properties (Link-Amster et al., 1994; Isolauri et al., 
1995; Seegers, 2002). The adjuvant functions of different strains of lactobacilli 
(intraperitoneally or orally administered together with a model antigen), were compared 
in the study by Pouwels et al. (1996). The results varied for the different lactobacilli 
strains tested; a strong adjuvant effect could be seen with L. casei and L. plantarum, 
whereas L. fermentum, L. delbrueckii subsp. bulgaricus and L. acidophilus did not 
significantly enhance the immune response against the heterologous antigen expressed.  

2.4.2. Heterologous expression of antigens in LAB 

 Heterologous proteins can be expressed by LAB in three different locations: in the 
intracellular matrix, in secretion and anchored to the cell surface. The foreign antigen is 
usually expressed from replicative plasmids, under the control of either a constitutive or a 
regulatable promoter, allowing a high level of antigen expression. Chromosomal 
modifications for the production of heterologous antigens have thus far only been 
reported in studies with S. gordonii and lactobacilli (Pozzi et al., 1992; Oggioni et al., 
1999; Åvall-Jääskeläinen et al., 2002). For the expression of secreted or cell-surface 
bound antigens, the antigen is preceded by a signal peptide, which is a prerequisite for the 
antigen to be translocated across the cytoplasma membrane. Cell surface display of 
heterologous proteins on LAB further requires an anchoring domain. Five different 
modes of anchoring proteins to the cell wall or the cell membrane of LAB have been 
described to date. The most common anchor system used is the LPXTG-type cell wall 
anchor. This system utilizes the pentapeptide LPXTG motif for proteolytic cleavage 
between the threonin and glycine residues, followed by amide linkage of the threonine 
residue to the peptide crossbridge in the peptidoglycan of the cell wall by the action of 
the sortase enzyme (Navarre and Schneewind, 1994; Schneewind et al., 1995; Leenhouts 
et al., 1999). A positively charged tail, a hydrophobic region and the LPXT motif 
constitute the sorting signal, which is preceded by a cell-associated region (Fischetti et 
al., 1990). Foreign proteins may also be anchored in the cell membrane by 
transmembrane spanning domains (TMD). The antigen to be displayed is usually fused to 
one or more TMD.
Lipoprotein anchors may be used for surface exposure as they covalently bind the lipid 

bilayer through N-acetyl diglyceride modification of a cysteine residue (Haandrikman et 
al., 1991; Pugsley, 1993; Poquet et al., 1998). Three C-terminal repeat sequence of Lc. 
lactis AcmA hydrolase have been used as anchor domains for antigen display in Lc. lactis
and Lactobacillus subsp. (Leenhouts et al., 1999). The mechanisms of this mode of 



21

anchoring has not yet been described, although many cell wall-associated or secreted 
proteins of Gram- positive bacteria possess AcmA-type repeats, suggesting a non-covalent 
interaction between the protein anchored and the cell wall (Leenhouts et al., 1999). The 
Lc. lactis AcmA anchor domain contains three repeated sequences of 44 amino acids 
separated by stretches of 21-31 amino acids rich in serine, threonine and aspargine 
residues. Only one repeat is sufficient for cell wall binding (Leenhouts et al., 1999). 
Remarkably, the E. coli α-amylase and Bacillus licheniformes β-lactamase fused to the 
Lc. lactis AcmA anchor repeats could bind Lc. lactis cells when added from the outside. 
In other experiments, the AcmA protein was able to bind from the outside to Lc. lactis
cells devoid of AcmA and to several other Gram-positive cells such as Lactobacillus, 
Clostridium, Listeria and Bacillus (Leenhouts et al., 1999). 
In recent years, attention has been directed at the efficient production of surface layer 

(S-layer) proteins, typical of some LAB strains. S-layer proteins (approximately 5 x 105 
subunits) are linked together and form a porous lattice that covers the cell surface. The 
cell wall anchoring mechanisms of S-layers differ between species. A single motif or 
three repeated structures of about 50 amino acids, found at the N-terminus of many 
Gram-positive bacteria, have been described as S-layer homologous (SLH) domains 
(Lupas et al., 1994, 1996). Secondary cell wall polymers serve as the anchoring structures 
for SLH domains (Iik et al., 1999). On the other hand, a C-terminal region of the S-layer 
protein of L. acidophilus contains a tandem repeat found to be involved in the binding of 
the L. acidophilus S-layer protein (Smit and Pouwels, 2002). The N-terminal repeat 
(SAC1) was recently demonstrated to be sufficient for anchoring the L. acidophilus
surface layer protein to the cell wall teichoic acid (Smit and Pouwels, 2002). This tandem 
repeat is also found in the S-layers of the related L. helveticus and L. crispatus strains 
(Lortal et al., 1993; Callegari et al., 1998; Sillanpää et al., 2000; Smit et al., 2002). By 
chromosomal modifications of the L. brevis slpA gene, expression of the c-myc epitope 
from the human c-myc proto-oncogene as an intermediate part of SlpA proteins was 
recently demonstrated. The c-myc epitope was surface-displayed and did not affect the S-
layer lattice structure (Åvall-Jääskeläinen et al., 2002).    

2.4.3. Immunization studies with LAB vaccines

The use of LAB as live antigen carriers in delivering antigens in an immunogenic and 
protected form has been under investigation for the development of new vaccine 
strategies. While the administration of pure antigens to mucosal surfaces usually evokes 
poor immune responses, promising results have been achieved using LAB as mucosal 
vaccine vehicles (Table 2). Interestingly, in a study with lactobacilli, an antigen anchored 
to the surface of bacterial cells yielded antigen-specific antibodies in contrast to a mixture 
of peptides and lactobacilli (Gerritse et al., 1990). The immune responses to antigens 
delivered by LAB vaccines seem to correlate with the amount of expressed antigens 
(Mercenier et al., 2000; Pavan et al., 2000; Reveneau et al., 2002), with surface-
displayed or secreted antigens generally being more immunogenic than antigens 
produced intracellularly (Norton et al., 1996; Mercenier et al., 2000; Reveneau et al., 
2002). However, the amounts of antigens expressed in the cytoplasm may reach much 
higher levels than secretory or surface-anchored antigens. Various immunogenic viral or 
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bacterial antigens carried by LAB vaccine vectors have been presented to the immune 
system in different animal models (Table 2). The most common antigen used is tetanus 
toxin fragment C (TTFC). Significant levels of TTFC-specific serum IgG and local IgA 
antibodies were obtained with a L. plantarum strain producing high intracellular levels of 
TTFC and administered by the intranasal or the intragastric route. L. plantarum strains 
producing notably lower amounts of secreted or cell surface-bound TTFC elicited a 
significantly smaller amount of anti-TTFC IgG or IgA antibodies. Subcutaneously 
administered, however, the TTFC-specific IgG serum responses elicited by the three 
recombinant L. plantarum strains were similar (Reveneau et al., 2002). A more 
pronounced immunogenic effect of antigens displayed on the cell surface compared with 
intracellularly produced antigens has also been reported in studies with Lc. lactis (Norton 
et al., 1996). On the other hand, promising results have also been obtained with Lc. lactis
expressing TTFC intracellularly (Wells et al., 1993; Norton et al., 1997; Robinson et al., 
1997; Grangette et al., 2002). The protection of mice against a lethal dose of tetanus toxin 
has been demonstrated with lactococcal strains expressing TTFC in the cytoplasm (Wells 
et al., 1993; Norton et al., 1996; Mercenier et al., 2000). However, TTC is an extremely 
efficient antigen, which may elicit strong immunological responses even in small 
quantities. In immunization experiments with recombinant LAB, dead bacteria also 
provoked antigen-specific immune responses, suggesting that invasion of the mucosa by 
the LAB vectors is not necessary to evoke a protective response (Norton et al., 1997; 
Robinson et al., 1997; Grangette et al., 2002). Different types of cytokines have 
successfully been used as immune response stimulators in Lc. lactis, increasing the 
amount of  antigen specific antibodies up to 15-fold when co-expressed together with the 
antigen (Steidler et al., 1995; 1998; Bermudez-Humaran et al., 2003).
To address the question of whether prolonged time in the gastrointestinal tract is critical 

when immunizing by the oral route, recombinant L. plantarum  (persistent) and Lc. lactis
(non-persistent) expressing similar amounts of cytoplasmic TTFC were compared with 
each other (Grangette et al., 2002). Over a 50 times higher end-point titre of antigen-
specific humoral antibodies when recombinant L. plantarum strain was fed to mice 
implied that persisting capacity of LAB vaccine vectors may be of importance when 
immunization occurs through the oral route (Grangette et al., 2002). Promising results 
obtained from subcutaneous (Wells et al., 1993), intranasal (Norton et al., 1997) or 
intragastric (Robinson et al., 1997; Grangette et al., 2002) immunization experiments 
with Lc. lactis as an antigen delivery vehicle do, however, indicate that long-term 
survival of bacteria or continued antigen expression is not a requirement for protection in 
vivo.  Nevertheless, the significance of LAB vectors to survive in the mucosal regions 
needs to be evaluated by comparison studies using isogenic pairs of strains that differ 
only in their persistence capacity. 
Streptococcus gordonii (formerly classified as S. sanguis) is a member of the normal 

microbiota and was the first recombinant commensal bacterium to be used as a live 
vaccine vector (Medaglini et al., 1995). The gene encoding the antigen expressed by S. 
gordonii is chromosomally fused to the gene of S. pyogenes surface protein M6.  The 
antigen may be expressed on the surface of S. gordonii at levels of up to 10 000 
molecules per cell (Mercenier et al., 2000). S. gordonii colonizes the oral and vaginal 
tracts of mice and seems to be very useful as a vaccine vector, especially for the 
prevention of sexually transmitted diseases (Medaglini et al., 1997; Di Fabio et al., 1998; 
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Mercenier et al., 2000). S. gordonii was recently genetically engineered to co-express the 
immunomodulating molecule LBT (B monomer of E. coli heat-labile toxin) and the V3 
domain of the HIV-1 gp120 protein.  Interestingly, a fourfold higher V3-specific serum 
IgG was detected in inoculated BALB/c mice when LBT was co-expressed on the same 
bacterial cell as compared with control animals inoculated either with S. gordonii
expressing the V3 domain alone or with a mixture of the two strains expressing both LBT 
and V3 (Maggi et al., 2002). 
Although results with S. gordonii as a vaccine vector have been promising, the use of 

the virulence determinant M6 protein of S. pyogenes as a fusion partner and the drug 
resistance marker remaining in the final construct may restrict the system’s use in humans 
for safety reasons (Mercenier et al., 2000).  
The recent rapid development of molecular biological techniques for the construction of 

LAB vaccines allows antigens to be expressed in different cellular locations in amounts 
sufficient for eliciting protective antigen-specific immune responses. However, hitherto, 
it has not been possible to determine the amount of expressed antigen in situ. Further, a 
unique strain is unlikely to be suitable for delivering protective antigens to different 
locations within a host or to different hosts (Pouwels et al., 1998; Mercenier et al., 2000). 
In the future, the effect of continuous antigenic expression of a colonizing LAB strain 
should be clarified. Immune responses in relation to the immunization route and antigen 
presentation require extensive study, and the effectiveness of LAB as antigen vectors 
must be developed. To date, no industrial live recombinant bacterial vectors are in human 
or veterinary use. In animals, in particular, there is an urgent need to drastically reduce 
antibiotic use and to develop alternative strategies, such as probiotics and vaccination, to 
safe-guard production animals against infection and weight loss.
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Table 2. Immunization studies with LAB as antigen vehicles.

∗∗∗∗ S.c. (subcutaneos),  i..n. (intranasal), i.p. (intraperitoneal), i.g. (intragastric), i.v. (intravaginal) 

Host Antigen/Origin Location in LAB Administration∗∗∗∗ Antibody production/ or 
protection

Reference

Lc. lactis TTFC/C. tetani Intracellular S.c. TTFC protection Wells et al., 1993
TTFC/C. tetani Intracellular I.n. IgG1, IgG2b, IgA, TTFC 

protection
Norton et al., 1997

TTFC/C. tetani Intracellular Oral, i.n. IgG1, IgG2a, IgA Robinson et al., 1997
Type 3 capsular polysaccharide/
S. pneumoniae

Extracellular I.p. IgG1, IgG3, IgM Gilbert et al., 2000

TTFC/C. tetani Intracellular I.g. IgG1, IgG2a, IgG2b Grangette et al., 2002
E7 antigen/human papillomavirus
Envelope protease/HIV Surface displayed Oral IgG, IgA Xin et al., 2003

S. lactis Pac/ S. mutans Intracellular Oral IgG, IgA Iwaki et al., 1990

L. plantarum TTFC/ C. tetani Intracellular S.c., i.n. or i.g.  IgG (s.c, i.n., i.g.), IgA (i.n., i.g.) Reveneau et al., 2002
Extracellular IgG (s.c, i.n., i.g.), IgA (i.n., i.g.)

Surface displayed IgG (s.c, i.n., i.g.), IgA (i.n.)
TTFC/ C. tetani Intracellular Oral, I.n. IgG (oral, I.n.), IgA (i.n.) Shaw et al., 2000

Surface displayed IgG (oral, I.n.), IgA (i.n.) 

TTFC/ C . tetani Intracellular I.n. IgG1, IgG2a, IgG2b, IgA Grangette et al., 2001

TTFC/ C . tetani Intracellular I.p. IgG1, Ig2a, Ig2b Grangette et al., 2002

L. casei TTFC/ C. tetani Surface displayed Parenteral Maassen et al., 1999

TTFC/ C. tetani Intracellular Oral, I.n. IgG (oral, I.n.), IgA (i.n.) Shaw et al., 2000
Surface displayed IgG (oral, I.n.), IgA (i.n.) 

L. johnsonii PrtB/L. delbrueckii supsp. bulgaricus
TTmim-PrtB/C. tetani, L. delbrueckii 
subsp. bulgaricus

Surface displayed Oral IgG, IgA (fecal) Scheppler et al., 2002

S. gordonii E7/ HPV 16 Surface displayed I.v. IgG, IgA Medaglini et al., 1997
gpl20 (V3 domain)/ HIV-1 Surface displayed I.v. IgG, IgA, T-cell response Di Fabio et al., 1998
E7/ HPV 16 Surface displayed I.v. IgG, IgA , T-cell response
TTFC/ C. tetani Surface displayed S.c., i.n. IgG1, IgG2a (s.c., i.n.), IgA (i.n.) Medaglini et al., 2001
Heat-labile toxin/E. coli Surface displayed S.c., i.g. IgG1 (s.c.), IgG2a (i.g.), IgA (i.g.) Ricci et al., 2000
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2.5. HtrA family of serine proteases 

Members of the HtrA (high temperature requirement protease A) family of serine 
proteases are found in a variety of bacteria and some eukaryotes, including humans 
(Ponting, 1997). The expression of htrA in bacteria generally responds to misfolded or 
damaged proteins due to different stresses (Lipinska et al., 1988; Pallen and Wren, 1997; 
Noone et al., 2000; Poquet et al., 2000). With only a few exceptions, the same putative 
proteolytic active site containing a triad of His, Ser and Asp residues can be found in all 
of the HtrA homologue identified (Rawlings and Barret, 1994; Pallen and Wren, 1997). 
The mutation of two of the catalytic triad residues leads to a loss of HtrA activity in E. 
coli (Skórko -Glonek et al., 1995). In addition, the members of the HtrA family usually 
possess one or two PDZ domains (Fanning and Anderson, 1996; Pallen and Wren, 1997; 
Ponting, 1997), which are named after the eukaryotic proteins: post-synaptic density, disc 
large and zo-1 protein (Pallen and Wren, 1997). The occurrence of HtrA homologues 
seems to vary between bacterial strains and is not found in all bacteria (Pallen and Wren, 
1997). There are three HtrA homologues in E. coli: HtrA (DegP), HhoA (DegQ) and 
HhoB (DegS) (Lipinska et al., 1988; Strauch et al., 1989; Bass et al., 1996; Waller and 
Sauer, 1996). An essential role of E. coli DegP and DegS in growth at very high 
temperatures has been demonstrated (Lipinska et al., 1988, 1989, 1990; Alba et al., 
2001), and DegS was recently discovered to provide the bacterial cell with sigma (E) 
activity (Alba et al., 2001). Bacillus subtilis also possesses three homologues of HtrA; 
YkdA, YyxA and YvtA (Noone et al., 2000, 2001), whereas only a single gene coding 
for HtrA has been found in the LAB strains Lc. lactis and L. helveticus (Study III; Poquet 
et al., 2000).   
The most extensively studied member of the HtrA family is DegP from E. coli. This 

periplasmic protease is essential for growth at high temperatures (Lipinska et al., 1988, 
1989, 1990; Strauch et al., 1989; Raina et al., 1995) and is involved in the degradation of 
misfolded or aggregated exported proteins (Strauch et al., 1989; Lipinska et al., 1990; 
Raina et al., 1995; Pallen and Wren, 1997). A dual function of DegP was demonstrated 
by Spiess et al. (1999) by using an improperly folded form of MalS as a model protein. E. 
coli DegP was shown to function as a chaperone at l ow temperatures by protecting and 
stimulating the refolding of the substrate protein, whereas the protease function 
dominates at normal and high temperatures. The crystal structure of DegP was recently 
discovered, revealing a hexameric structure with proteolytic sites located in a central 
cavity. The mobile side walls were found to be composed of 12 PDZ domains, which 
probably mediate the initial binding of the substrate (Krojer et al., 2002). 
HtrA has been described as a unique surface housekeeping protease in Lactococcus 

lactis, responsible for both degradation and maturation of exported proteins (Poquet et 
al., 2000; Miyoshi et al., 2002). Inactivation of the chromosomal Lc. lactis htrA gene 
resulted in a thermo-sensitive mutant strain, which did not degrade exported proteins 
(Miyoshi et al., 2002). The yield of exported full-length products was also shown to be 
significantly increased by the inactivation of HtrA. Pro-peptide processing activity and an 
essential role in the maturation process of a native protein are other functions reported for 
Lc. lactis HtrA (Poquet et al., 2000).  
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3. AIMS OF THE STUDY

The most effective strategy for preventing diseases caused by bacteria and viruses may 
be to hinder microbial adhesion to host cell receptors. Because adhesins are necessary for 
specific binding to host cell receptor structures, they are attractive vaccine candidates. 
The potential of antibodies directed against bacterial adhesins to reduce attachment, 
thereby preventing colonization and infection of homologous or heterologous bacterial 
strains on host epithelium, has been demonstrated. As pure adhesins usually elicit poor 
immune responses when given orally, they should be administered together with an 
adjuvant. Certain strains of LAB obtain strong adjuvant properties but low 
immunogenicity, and promising results from vaccination studies with LAB as antigen 
delivery vehicles have been obtained. The GRAS status of LAB offers an advantage over 
other potential live bacterial antigen carriers (Pouwels et al., 1998; Mercenier et al., 
2000) in the development of safe vaccine candidates.

This study was part of a larger project aimed at developing a live oral LAB vaccine 
against porcine post-weaning diarrhoea and oedema disease caused by F18 fimbriae-
expressing Escherichia coli.

Specific aims were:

- To characterize the adhesin of E. coli F18 fimbriae and to further map the region 
mediating specific adhesion to the intestinal epithelium of piglets.

- To characterize the serine protease HtrA from lactic acid bacteria and to construct 
a HtrA-negative Lactococcus lactis strain for optimized expression and secretion 
of the receptor binding domain of the E. coli F18 fimbria.  

- To optimize the surface display and characterization of expression levels required 
for proper antigen presentation using an inducible Lactococcus surface display
system.

- To test the performance of FedF antigen epitopes surface-displayed in 
Lactococcus lactis by in vitro  binding assays.
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4. MATERIALS AND METHODS

4.1. Bacterial strains, plasmids and growth conditions

The bacterial strains, plasmids, antibiotics and culture conditions used in this work are 
described in Studies I-IV. 

4.2. DNA methods

Total DNA of Lc. lactis was isolated essentially according to the method described for 
Bacillus subtilis (Palva et al., 1988). Plasmid DNA of Lc. lactis was isolated using the 
Qiagen column purification kit (Plasmid Midi Kit, Qiagen). Plasmid DNA of E. coli was 
isolated by alkaline lysis using the Wizard Minipreps (Promega) or FlexiPrep 
(Pharmacia) purification system. PCR products were purified with the QIAquick PCR 
Purification kit (Qiagen). Restriction enzymes (Promega) and T4 DNA ligase (Roche) 
were used according to manufacturers’ instructions. PCR was performed in reaction 
conditions recommended by the manufacturer of Dynazyme DNA polymerase 
(Finnzymes) or ThermalAce DNA polymerase (Invitrogen). E. coli, L. helveticus
CNRZ32 (Bhowmik et al., 1993) or Lc. lactis cells (Holo and Nes, 1989) were 
transformed by electroporation using a Gene Pulser (Bio-Rad Laboratories). Expression 
and purification of FedF60-100-RsaA fusion proteins were performed according to the 
manufacturer´s instructions (Invitrogen). Other standard DNA methods were essentially 
as described by Sambrook et al. (1989). Oligonucleotides were either synthesized with a 
DNA/RNA synthesizer (model 392, Applied Biosystems), followed by purification with 
ethanol precipitation, or directly ordered from MedProbe (http://www.medprobe.com) or 
Biotech (http://www.mwg-biotech.com). More detailed descriptions of the DNA methods 
used are given in Studies I- IV. 

4.3. DNA sequencing and sequence analyses

DNA sequencing was performed with an ABI 310 Sequencer, using the ABI PRISM BigDye
Terminator Cycle Sequencing kit according to the manufacturer’s instructions (PE Applied Biosystems) 
and the dideoxy method of Sanger et al. (1977). DNA sequence data were assembled with the PC/GENE 
set of programs (Release 14.0, IntelliGenetics) or the Sequencer 3.0 program (Gene Codes Corporation). 
The sequences were further analysed with programs on the ExPasy server (http://us.expasy.org) or with 
ClustalW (Thompson et al., 1994) at the European Bioinformatics Institute 
(http://www.ebi.ac.uk/clustalW). BLAST (Altschul et al., 1990, 1997), provided by the National Centre for 
Biotechnology (http://www.ncbi.nlm.nih.gov), was used for searching for homologous protein sequences in 
the protein databanks (Studies I and III). The GPS-1 Genome Priming System from New England Biolabs 
(NEB) was used in sequencing of pIH120 (Study I). Signal peptides were predicted by the method of 
Nielsen et al. (1997) (Studies I and III).
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4.4. Transcription analyses
Isolation of total RNA from L. helveticus CNRZ32 cells, Northern blotting and primer 

extension studies are described in greater detail in Study III.

4.5. Affinity chromatography

MBP fusions proteins were purified by affinity chromatography as recommended by the 
manufacturer of the Protein Fusion & Purification System (NEB). The expression and 
purification of MBP fusion proteins is described in more detail in Studies I and II. His-
tagged fusion proteins, secreted from recombinant Lc. lactis cells, were purified by Ni-
nitrilotriacetate affinity chromatography as described by the manufacturer (Pharmacia).    

4.6. Isolation from SDS-polyacrylamide gels

MBP-FedF proteins were excised from 9% sodium dodecyl sulfate (SDS)-
polyacrylamide gels after electrophoresis and staining with Sypro Orange dye. The fusion 
proteins were eluted from the gels using an Electro-Eluter (Model 422, Bio-Rad) 
according to the instructions given by the manufacturer (Bio-Rad). The elution was 
followed by dialysis against PBS. Purified MBP-FedF proteins were used for 
immunization of mice and for peptide mass mapping analysis (Study I).

4.7. Peptide mass mapping

In-gel digestion with trypsin, followed by mass mapping with a Biflex MALDI-TOF 
mass spectrometer (Bruker-Franzen Analytik, Bremen, Germany), was performed with 
the MBP-FedF protein as described by Nyman et al. (2000). 

4.8. Production of antisera 

MBP-FedF, MBP-FedE, MBP-FedC (Study I) or FedF60-123-RsaA (Study IV) -specific 
antiserum was raised in rabbits or mice. Rabbits were injected subcutaneously with 400 
µg of purified fusion proteins together with an adjuvant (Freunds complete). Three 
additional boosters of 200 µg were given with the respective fusion protein, and Freunds 
incomplete adjuvant 21, 42 and 63 days after the primary injection. Blood for antisera 
was taken 7 days after the last injection. For production of antisera in mice (C57BL/6J, 6 
weeks’ old), 10 µg (200 µl) of MBP-FedF (purified from SDS-polyacrylamide gels) or 
MBP (New England Biolabs) was subcutaneously injected with Freunds complete 
adjuvant (1:1). A second booster of 10 µg of the respective proteins (MBP-FedF or MBP) 
was given 28 days after the first injection together with Freunds incomplete adjuvant 
(1:1). The blood for antisera was taken 14 days after the second injection.     



29

4.9. Immunoblots

Immunoblots following SDS-PAGE were carried out essentially as described by 
Towbin et al. (1976). To avoid unspecific antibody attachment, the membranes were 
incubated with 3% blocking reagent (Roche) before treatment with antibodies. 
Horseradish peroxidase conjugated to secondary antibodies catalysed a 
chemiluminescence reaction of the Super Signal West Dura Extended Duration substrate 
(Pierce), which was detected with a molecular imager (Bio-Rad, GS-525). The 
immunoblots are described in more detail in Studies II and IV.

4.10. In vitro  adhesion to porcine epithelial cells 

Porcine small intestinal epithelial cells (jejunal or ileal) were isolated and prepared 
according to the method described by Alwan et al. (1998). Microscopic examinations of 
the adherence of F18 fimbrial E. coli or Lc. lactis cells expressing the receptor binding 
domain of E. coli F18 fimbriae, are explained in detail in Studies I, II and IV. For 
inhibition studies, ERF2055 cells (108 bacteria/ml) were preincubated (at 25°C for 2 
hours) with either rabbit antisera (diluted 1/100 in PBS) raised against MBP-FedE, MBP-
FedF, MPB-FedC or purified F18 fimbriae (Imberechts et al., 1992), or with mouse 
antisera (diluted 1/10, 1/30 or 1/100 in PBS) directed against MBP-FedF or MBP (Study 
I). 

4.11. Indirect immunofluorescent microscopy

Indirect immunofluorescent microscopy is described in Studies I, II and IV. For 
inhibition experiments, the epithelial cells were preincubated with E. coli ERF2055 cells 
in PBS (optical density at 600 nm [OD600] of 0.5) prior to incubation with proteins. The 
formation of the putative disulphide bridges in the fusion proteins was blocked by 
treatment with iodoacetamide, prior to the incubation with isolated porcine epithelial cells 
(Study II). 

4.12. Whole -cell ELISA assay for detection of cell surface-exposed polypeptides

Cell surface-exposed FedF-derived antigens were detected by whole-cell ELISA assays, 
described in more detail in Study IV. 
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5. RESULTS AND DISCUSSION

5.1. Characterization of the adhesin of E. coli F18 fimbriae (I)

As an early step in the infection process, F18 fimbriae of E. coli mediate bacterial 
adherence to the microvillus of porcine intestinal epithelial cells. A protein known as 
adhesin is responsible for this specific binding. Previous research suggests that the 
adhesin molecule of F18 fimbriae is either FedE or FedF (Imberechts et al., 1996). The 
adhesion of a F18 fimbrial strain (ERF2055) to isolated porcine epithelial cells in vitro
was confirmed, and the attachment of the F18 fimbrial E. coli strain was found to be 
mediated by the FedF protein.   

5.1.1. Sequencing of the fed gene cluster

The genes involved in the biosynthesis of F18 fimbriae were revealed from plasmid 
pIH120, which was constructed by Imberechts et al. (1992). The sequence of the gene 
(fedA) coding for the major subunit of F107 fimbriae (designated F18ab by Rippinger et 
al., 1995) and the genes encoding two minor genes (fedE and fedF) were sequenced from 
subclones of plasmid pIH120 by Imberechts et al. (1992, 1996). The entire fed gene 
cluster was sequenced from plasmid pIH120 in Study I, completing the missing sequence 
data of the fed gene cluster. Two unknown open reading frames (ORF), designated fedB
and fedC (accession no. AF222806), were found between fedA and fedE (Fig. 1). A 
putative RBS sequence (Shine and Dalgarno, 1975) was identified 11 nucleotides 
upstream of the ATG of fedB. FedB showed the highest similarity (83% identical) to the 
AfrB protein from E. coli RDEC-1 and significant homology to other usher proteins 
involved in the biosynthesis of microbial fimbriae (Table 3). Ushers are large (80-100 
kDa) outer membrane proteins found in most E. coli fimbrial determinants. In fimbrial 
biosynthesis, fimbrial subunits are translocated to extracellular sites through a channel 
made up of several usher proteins. Subunits are also thought to be uncapped from the 
chaperone by the ushers in fimbrial biogenesis (Dodson et al., 1993). The second ORF 
(fedC) overlapped the 3´ end of fedB and exhibited high identity (82%) with the 
periplasmic chaperone AfrC of E. coli RDEC-1 (Table 3). Chaperones cap the subunits of 
the fimbrial complex and protect them from premature assembly and proteolysis. In 
addition, they may affect the correct release of the subunits from the inner membrane 
(Hultgren et al., 1991, Smyth et al., 1996; Soto and Hultgren, 1999; Sauer et al., 2000). A 
predicted RBS sequence was found six nucleotides upstream of the GTG codon. Both 
FedB and FedC possessed a presumed signal peptide for transmembrane secretion, with a 
putative cleavage site for signal peptidases between amino acids 23 and 24. The 
calculated molecular masses of the mature FedB and FedC proteins are 86 001 Da and 23 
418 Da, respectively. An assumed transcription terminator of the fed gene cluster was 
found from 11 to 94 nucleotides downstream of the stop codon of fedF. On the basis of 
homology alignment analyses performed, FedB is suggested to be the usher and FedC the 
chaperone of the F18 fimbria.
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Table 3. Alignment studies with similar proteins from other bacterial strains. 

The fed gene cluster appeared to be very similar to the gene cluster encoding E. coli
RDEC-1 AF/R1 fimbriae (Cantey et al., 1999). Each of the proteins encoded by the fed 
gene cluster exhibited high similarities to corresponding proteins in the AF/R1 fimbria 
gene cluster. The only exception was the adhesin (FedF), which showed no similarity to 
the corresponding adhesin (AfrE) in the AF/R1 fimbria. E. coli RDEC-1 infects intestinal 
epithelial cells in rabbits and most likely attaches to a receptor structure different from 
that of E. coli F18. While the receptor molecule for the AF/R1 fimbriae was recently 
characterized (Ryu et al., 2001), the exact receptor structure for F18 fimbriae remains 
obscure. However, no genes encoding transcriptional activators like afrR, located 
immediately upstream of the AF/R1 fimbria gene cluster, could be found upstream of the 
fed gene cluster (Fig. 1, Study I), indicating a different regulation mechanism for the 
expression of F18 fimbriae. The control mechanism of F18 fimbriae biosynthesis is thus 
far unknown. However, special culture conditions necessary for F18 fimbriae expression 
from wild-type E. coli strains in laboratory conditions have been described (Wittig et al., 
1994).

5.1.2. Inhibition studies with antibodies directed against F18 fimbrial subunits 

Epithelial cells were isolated from the small intestine (ileal and jejunal) of an 8-week-
old piglet, and phase-contrast microscopic examination of the adherence of F18 fimbrial 
E. coli (ERF2055) to the microvilli of the epithelial cells was performed essentially as 
described by Alwan et al. (1998). To obtain a semi-quantitative estimation of the level of 
adhesion, the number of bacteria adhering to 15 randomly chosen epithelial cells was 
counted. The average numbers of ERF2055 bacteria adhering per ileal or jejunal cell, 
after preincubation of the bacteria with different antisera, are listed in Table 4. 
Abolishment of the adhesion potential of ERF2055 cells was observed after preincubation 
of ERF2055 cells with MBP-FedF-specific antibodies or antibodies directed against the 
entire F18 fimbria. In contrast, antibodies to MBP-FedE or MBP-FedC were not able to 
inhibit the adhesion of the ERF2055 cells, even though a minor decrease in adhesion 
capability was found (Table 4). 
These results confirmed that from the antisera directed against Fed subunits, only MBP -

FedF antibodies were able to efficiently inhibit the adherence of the F18 fimbriae-
expressing strain (ERF2055). As expected, a distinct reduction in the adhesion capability 

Proteins with high similarities (% 
identity/overlap)

No. of aa 
residues

Accession 
no.

FedB AfrB from E. coli RCDE-1 (82.7/805) 805 AAC28316
PefC from Salmonella typhimurium Lt2 (58.2/804) 802 NP490509

FanD from E. coli K99 (32.8/812) 783 S02755
FedC AfrC from E. coli RCDE-1 (81.8/220) 230 AAC228317

PefD from Salmonella typhimurium Lt2 (63.1/222) 230 NP490508
FanE from E. coli K99 (50.5/206) 228 CAA39474
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of ERF2055 cells, preincubated with antibodies raised against whole F18 fimbriae could 
also be demonstrated. The protective function of antibodies raised against F18 fimbriae 
has been described earlier (Imberechts et al., 1997; Yokoyama et al., 1997). No 
significant agglutination of E. coli cells was observed with any of the antisera under the 
test conditions used.

Table 4. Inhibition of adhesion of E. coli strain ERF2055 to porcine ileal or jejunal 
epithelial cells

5.1.3 Adhesion of MBP-FedF to porcine epithelial cells

An adhesion assay was set up with purified proteins to determine whether the MBP-
FedF fusion protein could adhere to isolated porcine epithelial cells without its chaperone 
(FedC). In addition to MBP-FedF, MBP-FedE and MBP were also tested for adherence as 
negative controls. The attachment of purified fusion proteins was detected with 
fluorescent microscopy after incubation with rabbit anti-MBP antiserum and FITC-
labelled anti-rabbit antibodies. The epithelial cells incubated in the presence of MBP-
FedF exhibited bright fluorescence (Fig. 5A, Study I), whereas epithelial cells incubated 
with equal amounts of MBP-FedE (Fig. 5C, Study I) or MBP (data not shown) showed 
no fluorescence. 
These data strongly suggested that the FedF protein represents the adhesin of the fed 

gene cluster encoding the F18 fimbria and also indicated that the FedF produced as a 
fusion protein with MBP but without its chaperone retained its capacity to bind to 
epithelial cells. 

Epithelial cell type Antiserum No. of adherent E.  coli
cells/epithelial cell

Ileal Rabbit anti-MBP-FedF (1/100) <1
Rabbit anti-MBP-FedE (1/100) 30
Rabbit anti-MBP-FedC (1/100) 34
Rabbit anti-F18 fimbria (1/100)   3
None (PBS control)a >50

Jejunal Mouse anti-MBP-FedF (1/10)   6
Mouse anti-MBP-FedF (1/30) 14
Mouse anti-MBP (1/10) >50

aPBS was used as a negative serum control and yielded >50 adherent bacterial 
cell per epithelial cell. E. coli HB101 (Boyer and Roulland-Dussoix, 1969) was 
used as a negative control strain and yielded <1 adherent bacterial cell per 
epithelial cell.
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Minor adhesin components are in general difficult to isolate from the stable fimbrial 
structures. In addition, adhesins are highly sensitive to periplasmic proteases, especially 
when not complexed with their cognate chaperones proteins, making the purification step 
of over-expressed pure adhesins tricky. However, adhesins or truncated forms of adhesins 
are more stable when expressed as fusion proteins, and preserved adhesion capabilities of 
such constructs have been demonstrated earlier (Thankavel et al., 1997; Knudsen and 
Klemm, 1998; Guzmán et al., 1999; Schembri et al., 2000; Tanskanen et al., 2001).      

5.2. Mapping the binding domain of the F18 fimbrial adhesin (II)

Specific adhesion domains of FedF were more closely studied in Study II. A small 
region (amino acid residues 60 to 109 of FedF) responsible for in vitro binding of F18 
fimbriae to porcine small intestinal epithelial cells was localized. Three amino acid 
residues (Lys-72, His-88 and His-89), which are important for receptor binding, were 
found within this region.  

5.2.1. Adhesion capability of E. coli strains with mutated FedF

A total of nine FedF deletion constructs were generated in plasmid pIH120 that 
expressed the fed gene cluster for the F18 fimbriae in E. coli. Both the 5´ and the 3´ end 
of fedF were deleted at three different sites, and three deletions were also targeted within 
fedF, on the sites of four cysteine codons (Table I, Study II). Adhesion tests performed 
with isolated porcine intestinal jejunal cells showed that all nine recombinant E. coli
strains carrying deletions in pIH120 (Table 1, Study II) had lost their adhesion 
capabilities under the test conditions used (unpublished data). The amount of F18 cross-
reacting material remained unchanged on the cell surface, as determined in whole-cell 
ELISA experiments using antisera directed against F18 fimbriae. However, in whole-cell 
ELISA experiments with anti-MBP-FedF antiserum, only one-fifth of the amount of FedF 
could be detected from the recombinant strains (ERF2079-ERF2087, Table 1, Study II) 
compared with that of strain ERF2055. Lack of adhesiveness of the F18 fimbriae, 
expressed by these recombinant strains, seemed to be associated with the assembly or 
stability of fimbrial subunits rather than with changes directly affecting receptor 
recognition. 

Two C-terminal deletions of FedF were constructed by Imberechts et al. (1996). 
Truncation of FedF from amino acid residue 125 eliminated the adhesion of E. coli
mutant strains to isolated porcine villi, even though F18 fimbriae were visible with an 
electron microscope. FedF with a C-terminal deletion from amino acid residue 204, by 
contrast, was still able to mediate adhesion to porcine villi in vitro, suggesting a non-
essential function of the C-terminus in receptor recognition and binding (Imberechts et 
al., 1996). This result was not supported by the present work, as FedF truncated from 
amino acid residue 247 lost its adhesiveness for isolated porcine small intestine cells. 
The C-terminal motif of the E. coli type 1 and P fimbrial subunits, essential for subunit-

subunit interactions, typically includes a series of alternating hydrophobic amino acid 
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residues that are flanked by a glycine located 14 residues upstream of the C-terminus and 
a penultimate tyrosine (Soto et al., 1998). The F18 fimbrial subunits also had a highly 
hydrophobic C-terminal region including the features described for a putative binding 
region for fimbrial chaperones. The only noticeable difference is that FedF had an 
isoleucine residue instead of the penultimate tyrosine. The penultimate tyrosine is also 
absent in the P-type adhesin (PapG), which possesses another amino acid residue with an 
aromatic side chain (phenylalanine) at that position (Soto et al., 1998).

5.2.2. Adhesion of purified truncated FedF proteins expressed as MBP fusions

To assay the adherence more directly, fedF deletion derivatives were cloned into vector 
pMAL-p2 (Guan et al., 1987) and expressed as fusion proteins with MBP in E. coli
(Table 1, Study II). Recombinant E. coli strains produced MBP-FedF chimeras of 
predicted sizes, although degradation products were detected in addition to the full-length 
proteins (Fig. 2A, Study II). Three of the fusion constructs (MBP-FedF∆1-37, MBP-
FedF∆70-77 and MBP-FedF∆88-97) were very unstable and appeared to be almost 
completely degraded at the end of the purification (Fig. 2A, Study II). 
Adhesion capability of six full-length fusion proteins expressed from plasmids 

pKTH5069, pKTH5070, pKTH5073, pKTH5075, pKTH5076 and pKTH5077 (Table 1, 
Study II) were tested with isolated porcine jejunal epithelial cells. The adhesion of each 
fusion protein was viewed by fluorescent microscopy, and under the conditions used, all 
of the proteins exhibited bright fluorescence, distinct from that with MBP. These results 
suggested that N- and C-termini are not significantly involved in the binding of FedF to 
its receptor. To confirm this, an MBP-fusion construct (pKTH5094) that carried only the 
FedF internal peptide with amino acid residues 60 to 123 was created. Indeed, 
immunofluorescent microscopy revealed that MBP-FedFt60-123 bound efficiently to 
porcine jejunal cells (Fig. 4A, Study II). To examine the specificity of the FedFt60-123
adhesion, the ability of MBP-FedFt60-123 to adhere to porcine epithelial jejunal cells, 
preincubated with ERF2055 bacteria, was evaluated. ERF2055 cells (OD600 of 0.5 in 
PBS) efficiently hindered the attachment of MBP-FedFt60-123 (Fig. 4C, Study II).  
Minor changes in the intensities of the fluorescence were undetectable with the 

technique used, making it impossible to determine if all (or some) of the deletions in fedF
affected the adhesion capability to some extent. Characterization of the binding constant 
would be more informative, but this is not feasible until the receptor structure is 
determined. The receptor for F18 fimbriae thus far is unknown, but the activity of alpha 
(1,2)-fucosyltransferase (FUT1) in the epithelia of piglets has been reported to be 
essential for adhesion of F18 fimbrial bacteria to small intestine mucosa (Meijerink et al., 
2000).
Preincubation with 1/10 diluted anti-MBP-FedF antiserum did not hinder in vitro

adhesion of MBP-FedFt60-123 to porcine epithelial cells. Perhaps this small region (amino 
acid residues from 60 to 123) of FedF was not accessible for efficient antibody 
recognition or the titre of specific antibodies in the MBP-FedF serum was too low. 
ERF2055 cells, by contrast, efficiently inhibited the attachment of MBP-FedFt60-123 fusion 
proteins to porcine epithelial cells, indicating the same binding specificity. However, the 
MBP-FedFt60-123 fusion protein was unable to inhibit the attachment of ERF2055 bacteria 



35

to isolated porcine epithelial cells, thus suggesting a stronger affinity of native FedF than 
of MBP- FedFt60-123 for the host receptor. 
The binding domain of FedF, as in many other bacterial adhesins, is been located in the 

amino terminal half of the protein (Riegman et al., 1990; Haslam et al., 1994; Choudhury 
et al., 1999; Schembri et al., 2000; Sung et al., 2001; Tanskanen et al., 2001). In many 
cases, adhesins are folded into two domains, an N-terminal receptor binding domain and 
a C-terminal chaperone binding domain, involved in fimbriae assembly (Haslam et al., 
1994; Choudhury et al., 1999; Tanskanen et al., 2001). 

5.2.3. Point mutations at the putative binding region of FedF

Because truncated fusion proteins MBP-FedF∆110-117 and MBP-FedFt60-123 were able 
to adhere to porcine intestinal epithelial cells, the remaining region (amino acid residues 
from 60 to 109 of FedF) was investigated more closely by site-directed point mutations. 
All of the charged amino acids within this region were one by one replaced with alanine 
residues (Fig. 5, Study II). The adhesion capabilities of the resulting E. coli recombinant 
strains, with F18 fimbriae possessing a single, double or triple amino acid residue 
substitution in FedF, were determined (Fig. 6, Study II). Three amino acid residues 
essential for efficient receptor binding were found (Lys-72, His-88 and His-89). 
Recombinant F18 fimbrial E. coli strains harbouring a double mutation (Lys-72 and His-
88 substituted for alanine) or a triple mutation (Lys-72, His-88 and His-89 substituted for 
alanine) in FedF were non-adhesive.   
The expression of F18 fimbriae and the amount of FedF in the F18 fimbrial filament in 

all of the recombinant strains possessing the single, double or triple point mutation(s) in 
fedF were determined by whole-cell ELISA with anti-F18 fimbriae and anti-MBP-FedF 
sera. No significant differences between the FedF and F18 fimbrial signals were observed 
in any of the strains, indicating that the point mutation constructs did not interfere with 
the synthesis of FedF or its attachment to the other F18 fimbrial molecules. By 
sequencing all of the inserts harbouring the point mutation, it was further confirmed that 
the recombinant strains with altered adhesion capability carried only the intended single, 
double or triple mutation.
A single amino acid substitution associated with receptor binding has earlier been 

reported to be crucial for adhesion capability (Schembri et al., 1996; Pouttu et al., 1999; 
Klemm and Schembri, 2000). Replacement of a lysine residue with alanine inhibited 
attachment of 987P fimbriae to glycolipid receptors on the brush borders of piglet 
enterocytes (Choi and Schifferli, 1999), and the involvement of histidine residues in the 
binding of alpha-bungarotoxin to the Torpedo californica or the Homo sapiens receptor 
has been described (Venera et al., 1997). Lysine and arginine residues are essential for 
the binding of K99 fimbriae and S fimbriae to their receptors, which contain negatively 
charged sialic acid (Jakobs et al., 1987; Morschäuser et al., 1990). However, no stretches 
of positively charged amino acid residues similar to those in the K99 fibrillar adhesin or 
SfaS that have been found to mediate binding are present in the binding domain of FedF, 
suggesting a different receptor structure. The possibility that the decreased adhesion 
capability caused by three substitutions of the amino acid residues in FedF is related to 
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changes in the tertiary structure of the binding domain, rather than to direct interaction 
between the receptor and these residues, cannot be excluded. 

The binding domain of FedF contains two cysteine residues, as do many other fimbrial 
receptor binding domains described from Gram-negative bacteria (Haslam et al., 1994; 
Carnoy and Moseley, 1997; Schembri et al., 2000; Sung et al., 2001; Tanskanen et al., 
2001). Nucleic magnetic resonance studies of the binding domain of PapGII revealed that 
the cysteines form a disulfide bridge (Sung et al., 2001). To evaluate whether the 
cysteines (Cys-63 and Cys-83) found in the binding domain of FedF form a disulphide 
bond essential for adhesion, they were alkylated prior to adhesion analysis. Adhesion 
capability of FedFt60-123 was totally abolished by treatment with iodoacetamide (Fig. 4E, 
Study II). Similar results have been obtained with DraE, where the formation of a 
disulfide bond was reported to be essential for adhesion of the Dr fimbriae to its receptor 
(Carnoy and Moseley, 1997). Formation of a second disulphide bridge between the two 
remaining cysteines in FedF (at positions 111 and 116) seems not to be essential for 
adhesiveness since the cysteines could be deleted without affecting the adhesion 
capability of FedF.

5.2.4. Sequencing of the fedF gene from clinical isolates

Adhesins, such as FedF, are highly conserved proteins that recognize preserved receptor 
structures (Abraham et al., 1988; Gerlach et al., 1989; Wizemann et al., 1999). To study 
the genetic variation in fedF, the fedF gene from 15 independent Finnish clinical E. coli
isolates, carrying either F18ab or F18ac fimbriae, were sequenced. Alignment studies 
with the deduced FedF amino acid sequences from the isolates revealed the highly 
conserved nature of FedF. All 15 FedF sequences were at least 97% identical to those of 
the E. coli F107/86 strain (Bertschinger et al., 1990) used in this work. Remarkably, eight 
of the E. coli isolates carried a mutation at position Asn-73, which is located within the 
proposed binding domain of FedF (Table 3, Study II).

5.3. Characterization of the htrA gene in Lactobacillus helveticus (III)

The htrA gene of L. helveticus was the first characterized htrA gene in lactobacilli. The 
deduced amino acid sequence of the gene was 30% identical to the HtrA protein from E. 
coli. Furthermore, the putative catalytic triad and a PDZ domain, which characterize the 
HtrA family of known bacterial serine proteases, were found. Studies of the function of 
this protein showed that L. helveticus HtrA is stress-inducible and facilitates growth 
under heat stress, similar to the later and more extensively characterized HtrA from Lc. 
lactis (Poquet et al., 2000; Miyoshi et al., 2002).  
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5.4. Construction of a ∆∆∆∆htrA Lc. lactis strain (IV)

Lc. lactis HtrA has been described as a unique extracellular housekeeping protease 
responsible for both degradation and maturation of exported proteins (Poquet et al., 2000; 
Miyoshi et al., 2002). The expression of heterologous proteins in Lc. lactis was facilitated
by inactivation of the htrA gene, indicating degradation of abnormal exported proteins by 
Lc. lactis HtrA (Poquet et al., 2000; Miyoshi et al., 2002). HtrA in lactococci, and maybe 
also in other Gram-positive bacteria with small-sized genomes, is thought to be totally 
responsible for the housekeeping of exported proteins (Poquet et al., 2000). 

To ensure efficient expression of secreted or the cell wall anchored FedF antigens 
(receptor binding domain of FedF) in Lc. lactis NZ9000, an HtrA defective Lc. lactis
NZ9000 mutant (NZ9000∆htrA) was constructed by chromosomal deletion at the 
promoter region and the 5´ end (300 bp) of htrA. The resulting strain, verified by PCR 
and DNA sequencing, was designated GRS1090. 

5.5. Extracellular expression and the adhesive properties of FedF -PrtP fusion 
proteins (IV)  

To develop an efficient cell surface display system in Lc. lactis for the binding domain 
of the E. coli F18 fimbrial adhesin FedF, the secretion capacity of FedF fused to the Lc. 
lactis subsp. cremoris Wg2 PrtP protein was evaluated with regard to protein production 
levels and export compatibility. Different lengths of the PrtP protein were used to ensure 
efficient surface display of the FedF derivatives after anchoring to the bacterial cell wall. 
Secreted forms of a vaccine candidate protein may also be tested as an alternative antigen 
presentation system along with surface-exposed or intracellularly produced immunogens. 
Therefore, to test the ability of Lc. lactis to express the FedF adhesin of E. coli F18 
fimbriae, plasmid vectors for extracellular expression of three truncated forms of the 
FedF protein, the adhesive 42 and 62 amino acid residues and the non-adhesive 42 amino 
acid residues, were  constructed (Fig. 1, Study IV). The secretion cassettes were 
constructed by cloning the sequence encoding the H-domain of the Lc. lactis subsp. 
cremoris Wg2 PrtP protein (Siezen, 1999) in frame downstream of the fedF fragments. 
For secretion of the hybrid proteins FedF59-100-PrtP, Fed59-120-PrtP, and Fed130-171-PrtP, 
either the signal peptide of the L. brevis S- layer protein SlpA or the major Lc.  lactis
secreted protein Usp45 was used (Fig. 2, Study IV). 
In addition, to enhance the processing and secretion capacity of the fusion protein 

FedF-PrtP, a synthetic sequence encoding the pro-peptide LEISSTCDA, reported to 
enhance processing and secretion efficiencies of secreted heterologous proteins in Lc. 
lactis (Le Loir et al., 1998, 2001; Ribeiro et al., 2002), was inserted between the 
appropriate signal sequence and fedF. The sequences encoding the dipeptide Gly-Pro 
were inserted on both sides of fedF to increase flexibility of the FedF fragment in the 
fusion protein. The fusion proteins were produced under the control of the Lc. lactis nisin 
promoter (PnisA), which has been widely used for controlled gene expression in Lc. lactis
(De Ruyter et al., 1996a; Miyoshi et al., 2002; Åvall-Jääskeläinen et al., 2003). 
Controlled expression of heterologous proteins in bacteria may overcome obstacles due to 
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accumulation, aggregation or degradation, which may occur in high-level production of 
foreign antigens with constitutive promoters (Nouaille et al., 2003). Suboptimal 
expression levels could allow maximal secretion yield.

The capacity of Lc. lactis to secrete FedF-PrtP fusion proteins into the culture 
medium was determined with immunoblotting. The supernatants of induced recombinant 
Lc. lactis strains were blotted onto a PVDF membrane, detected with anti-His tag (His6) 
antibodies and quantified with a purified FedF-PrtP standard (Fig. 2, Study IV). A 
substantially higher level of fusion proteins was secreted by clones possessing the SlpA 
signal peptide than those with Usp45, reported to be one of the most effective secretion 
signals among the known Lc. lactis signal peptides (Nouaille et al., 2003) (Fig. 2, Study 
IV). Savijoki et al. (1997), on the other hand, demonstrated highly efficient secretion of a 
reporter in Lc. lactis by the L. brevis SlpA signal peptide (Vidgren et al., 1992). 
Compared with the strains with the Usp45 signal peptide, the level of secreted FedF-PrtP 
was 4- to 6-fold higher with the SlpA signal peptide, depending on the length of the FedF 
adhesin domain and whether the protein was expressed from NZ9000 or the 
NZ9000∆htrA derivative (Fig. 2, Study IV). The highest secretion yields with the 
adhesive FedF regions, approximately 3.4 µg/ml and 3 µg/ml, were obtained with 
NZ9000∆htrA strains GRS1095 (FedF62aa) and GRS1096 (FedF42aa), respectively (Table 
1, Study IV). The fusion protein with FedF62aa seemed to be more susceptible to 
degradation by HtrA than its counterpart Fed42aa. 

Secreted FedF-PrtP proteins were collected and purified from the supernatants of 
induced Lc. lactis GRS1091 (FedF59-120-PrtP), GRS1092 (FedF59-100-PrtP) and GRS1106 
(FedF130-171-PrtP) cells. Approximately 50 µg/ml of the fusion proteins were then 
incubated with an equal volume of isolated porcine epithelial cells (106/ml), followed by 
detection with fluorescent microscopy after incubation with rabbit anti-FedF-RsaA 
antiserum and fluorescein isothiocyanate-labelled anti-rabbit antibodies. Epithelial cells 
incubated in the presence of FedF59-120-PrtP and FedF59-100-PrtP exhibited bright 
fluorescence (Fig. 3A and 3C, Study IV), whereas those incubated with FedF130-171-PrtP 
were only weakly fluorescent (Fig. 3E, Study IV). This suggests that in Lc. lactis, as in E. 
coli (Study II), the binding domain of FedF could be produced as a receptor binding 
competent conformation, which is a prerequisite for further development of surface 
display systems for FedF in Lc. lactis. The results determined with MBP-FedF60-123 fusion 
protein produced in E. coli indicate an essential function of the putative disulphide bridge 
between Cys-63 and Cys-83 of FedF for its adhesion capability to porcine epithelial cells 
(Study II). The positive binding results of Study IV with the FedF constructs suggest, 
although not confirm, that the formation of the S-S bridge may also take place in Lc. 
lactis export systems. However, disulphide bridges are unusual in extracellular proteins 
from Gram-positive bacteria. The formation of disulphide bonds, essential for the activity 
or stability of many eubacterial and eukaryotic proteins, is catalysed by thiol-disulphide 
oxidoreductases. Disulphide bonds may also spontaneously be formed in vitro, but this 
process is believed to be time-consuming (Peters and Davidson, 1982; Freedman, 1989). 
Three proteins in Bacillus subtilis have been described as thiol-disulphide 
oxidoreductases. Two of these (BdbD and BdbC) were shown to be required for the 
activity and stability of disulphide-containing secretory reporter proteins (Bolhuis et al., 
1999; Erlendsson and Hederstedt, 2002). Putative thiol-disulphide oxidoreductases from 
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lactic acid bacteria have not yet been characterized, however, a biologically active form 
of IL-12, including two disulphide bonds essential for its activity (Podlaski et al., 1992), 
was recently successfully secreted by recombinant Lc. lactis cells (Bermúdes-Humaran et 
al., 2003). 

5.6. Display of the FedF receptor-binding domain on the cell surface of lactococci 
(IV)   

Based on the results from the secretion constructs, both FedF fragments and the L. 
brevis SSslpA were chosen for the surface display constructs in which the length of the 
PrtP spacers and two different anchoring systems were tested as new parameters. The 
surface accessibility of the FedF adhesion-mediating region, expressed by the 18 Lc. 
lactis clones, was assayed by whole-cell ELISA with anti-FedF-RsaA antibodies. With 
the AcmA anchor-based (Leenhouts et al., 1999) constructs, the two PrtP spacer lengths 
of 210 and 516 amino acid residues allowed high expression levels in NZ9000∆htrA
hosts (Fig. 4, Study IV). The most pronounced surface display using these constructs was 
attained with the shorter spacer. By contrast, in wild-type NZ9000 cells, the expression 
level of the FedF-PrtP fusion with the longer spacer was markedly decreased, in 
accordance with increased protease susceptibility and HtrA activity caused by the more 
complex construct structure. With the PrtP anchor (Siezen, 1999), none of the constructs 
reach such a high surface display level as that obtained with the AcmA anchor in the 
NZ9000∆htrA strain. The covalent bounds of PrtP to the lactococcal cell wall apparently 
is not efficiently formed with high-level expression of exported heterologous proteins 
(Norton et al., 1995; Leenhouts et al., 1999). 

5.7. Adhesion of recombinant lactococci to porcine epithelial cells 

Based on ELISA results, the NZ9000∆htrA clones with the two best-performing PrtP 
spacers, the AcmA anchoring system and both FedF fragment sizes were chosen for 
adhesion studies. The binding assays of the surface-displayed FedF fusions with the 
porcine epithelial cells unexpectedly revealed that the two NZ9000∆htrA clones with the 
shorter PrtP spacer (210 amino acids) were unable to adhere, despite being efficiently 
recognized by the FedF antibodies in whole-cell ELISA. Thus, with relatively short 
peptides, this PrtP spacer appears to inadequately allow receptor binding exposure of the 
FedF adhesin fragments. The longer PrtP spacer (516 amino acids), by contrast, allowed 
the surface presentation of the FedF-PrtP fusion proteins that bound to isolated porcine 
intestinal epithelial cells (Fig. 3). Surprisingly, the FedF42aa-PrtP-AcmA fusion was 
clearly more adhesive than the identical construct carrying the FedF62aa fragment, 
although neither the immunofluorescence assays performed with purified FedF62aa-PrtP 
and FedF42aa-PrtP fusion proteins nor surface display assays showed any significant 
difference.
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FIG. 3. Adherence of recombinant Lc. lactis
NZ9000∆htrA strains to porcine intestinal 
epithelial cells. The mean number of adherent 
lactococcal cells per porcine jejunal cell was 
determined from 50 cells in 50 randomly 
chosen microscopic fields and is illustrated for 
Lc. lactis GRS1112 (bar 1), GRS1113 (bar 2), 
and GRS1114 (bar 3), expressing FedF62aa,
FedF42aa or no FedF as fusions with the 210 
amino acid PrtP spacer, respectively, and 
GRS1133 (bar 4), GRS1134 (bar 5), and 
GRS1135 (bar 6), expressing the corresponding 
constructs as fusions to the 516 amino acid PrtP 
spacer. The results shown are group means with 
95 % confidence intervals. *, P < 0.01.
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6. CONCLUSIONS AND FURTHER PROSPECTS

The practice of preventing oedema disease (OD) and post-weaning disease (PWD) by 
administering antimicrobials or feed antibiotics no longer meets the criteria for rational 
use of antibiotics in production animals due to the development of drug resistance and 
harmful residues in meat. An urgent need therefore exist to develop alternative treatments 
for such diseases, which cause great economical losses for farmers. Vaccination with 
industrial live recombinant bacteria, producing certain antigens, is an attractive 
alternative to the traditional methods. In the last decade, research has focused on the 
development of safer and more suitable antigen carriers for use in humans and animals, 
such as the LAB strains, which may be able to function as live mucosal vaccines. 
Particularly promising results have been obtained from studies with Lactococcus lactis,
Lactobacillus subsp. and Streptococcus gordonii. Several reports exist of immunological 
studies with recombinant LAB vaccine strains that express different kinds of microbial 
toxins or extracellular proteins (reviewed by Pouwels et al., 1998; Mercenier et al., 2000; 
Nouaille et al., 2003), but no immunological experiments with recombinant LAB strains 
expressing bacterial adhesin-derived structures have yet been described.   

A large number of successful vaccination studies using adhesins as antigens have been 
published (reviewed by Wizemann et al., 1999). LAB strains carrying adhesin molecules 
from pathogens on the surface may, in addition to eliciting local and humoral immune 
responses against the pathogen, also hinder colonization of the invading bacteria by 
competitive exclusion. In addition, because adhesins, recognizing common receptor 
moieties, are highly conserved proteins among different strains and species of bacteria 
they could provide protection against a wide range of bacterial species.   

To develop a safe, inexpensive, and easily administered alternative vaccine against 
porcine OD and PWD caused by F18 fimbriae-expressing E. coli, the possibility of 
displaying the receptor binding region of F18 fimbriae on the surface of Lc. lactis cells 
was evaluated. The adhesin of E. coli F18 fimbriae was established to be FedF, and the 
role of the amino acid residues between 60 and 109 as the receptor binding domain of 
FedF was confirmed. In addition, three amino acid residues (Lys-72, His-88, and His-89) 
important for adhesion to porcine intestinal cells were found within this region. FedF 
degraded very rapidly in purification attempts and needed to be fused to other more stable 
proteins prior to purification. Binding studies with MBP-FedF60-123 proteins, treated with 
iodoacetamide, suggest that formation of a putative disulphide bond between Cys-63 and 
Cys-83 is important for adhesiveness to porcine intestinal epithelial cells. The receptor 
binding domain of FedF, fused to different parts of Lc. lactis subsp. cremoris PrtP and 
overproduced in Lc. lactis strains, appeared to still mediate adhesion to porcine epithelial 
cells suggesting that S-S bridges may be formed in the FedF-derivates. 

The superiority of the SPSlpA over SPUsp in secreting FedF-PrtP fusion proteins to the 
extracellular compartments was demonstrated. Differencies in gene expression levels 
may also be due to unfavorable mRNA conformations affecting the translation initiation 
frequency. The Lc. lactis AcmA anchor allowed surface display of high levels of FedF-
derivatives, particularly in the Lc. lactis NZ9000∆htrA strain, and was shown to perform 
significantly better than the Lc. lactis PrtP anchor region. 
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The amount of secreted or surface displayed FedF-PrtP fusion proteins produced in the 
HtrA positive Lc. lactis NZ9000 strains or the HtrA mutant strain NZ9000∆htrA varied 
substantially. In wild-type NZ9000 cells, the expression level of the FedF-PrtP fusion 
with the longer spacer was remarkably decreased, in accordance with increased protease 
susceptibility or increased HtrA activity, caused by the more complex construct structure.
In previous studies with the Lc. lactis HtrA protease, the yield of secreted full-length 
products was significantly higher with a Lc. lactis htrA mutant strain as compared to the 
wild type strain (Poquet et al., 2000; Miyoshi et al., 2002). 

Adhesion experiments and whole-cell ELISA studies with recombinant lactococci, 
expressing the receptor binding domain of E. coli F18 fimbriae fused to a region of the 
Lc. lactis PrtP protein, confirmed that it is possible to efficiently produce the receptor 
binding domain of the F18 adhesin in a functionally active form in Lc. lactis. The 
adhesion studies with MBP-FedF60-123 fusion proteins suggest a stronger affinity of native 
FedF than MBP-FedF60-123 proteins for the host receptor. Whether FedF59-100 exhibits 
similar affinity to porcine epithelial cells when displayed on the cell surface of Lc. lactis
cells as native FedF remains to be clarified, as does the behaviour and immunological 
effects of the recombinant Lc. lactis strains constructed, which will be determined by 
vaccination experiments in vivo. 

Lc. lactis NZ9000 was used as a model strain for surface display of heterologous 
proteins since a variety of genetic tools are available for genetic engineering of the Lc. 
lactis strain. In addition, strain NZ9000 allows nisin-controlled expression, the level of 
which can easily be optimized (De Ruyter et al., 1996b). Constitutive promoters for 
continuous and high-level production of the receptor binding domain of E. coli F18 
fimbriae may be more useful and tested in the future, as well as the production of the 
receptor binding domain in other selected lactic acid bacteria. The effect of different 
immune response modulators or stimulators, such as cytokines or toxins, co-expressed 
with the adhesive part of FedF in lactic acid bacteria, remains to be evaluated by 
immunization studies of mice and piglets. 

Certain strains of lactobacilli are natural commensals that have mucosal adhesive 
properties and a high survival rate in the intestinal tract, making them attractive 
candidates as vaccine carriers. Recently, surface display of a foreign epitope on the L. 
brevis S-layer was demonstrated (Åvall-Jääskeläinen et al., 2002). A uniform S-layer 
displaying the c-Myc epitope from the human c-myc proto-oncogene on the surface of all 
of the S-layer protein subunits was obtained, without affecting the S-layer lattice. 
Encouraged by the promising results of this study with, a recombinant strain expressing a 
fragment spanning the receptor binding part of E. coli F18 fimbriae on the surface of 
lactobacilli, as an integral part of its own S-layer proteins, will also be constructed in our 
laboratory. 

Identifying ideal host strain for the development of a LAB vaccine against PWD and 
OD is a challenging future task. A modified LAB vaccine vector would need to elicit 
local and humoral long-lasting immune responses to give piglets protection against E. 
coli infections during the critical weaning period. A further challenge would be gain 
legislative and user acceptance of this novel vaccine strain. 
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