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Inactivated Salmonella expressing the receptor-binding domain of bacterial adhesins elicit antibodies inhibiting hemagglutination
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We examined the potential of inactivated Salmonella strains to induce protective antibodies against two adhesins of pathogenic E. coli. The receptor-binding domains of the F17a-G adhesin of F17a fimbriae and of the FimH adhesin of type 1 fimbriae were fused to the translocator domain of the autotransporter AIDA-I. An IgG response against F17a-G or FimH was induced after immunization of mice with acetone-inactivated Salmonella displaying the corresponding fimbrial receptor-binding domain. These sera inhibit in vitro agglutination of erythrocytes by E. coli carrying these fimbriae. Our results demonstrate that induced and subsequently acetone-inactivated Salmonella are useful delivery vehicles for the stimulation of an IgG antibody response against heterologous antigens.

Introduction

Initial attachment, mediated through different fimbriae, allows bacteria to colonize specific host tissues [START_REF] Klemm | Bacterial adhesins: function and structure[END_REF]. Although present on most Enterobacteriaceae, type 1 fimbriae are virulence factors of avian pathogenic Escherichia coli (APEC) (Pourbakhsh et al., 1997) and uropathogenic E. coli (UPEC) (Wu et al., 1996). F17a fimbriae, on the other hand, can be found on particular bovine enterotoxigenic E. coli (ETEC) strains [START_REF] Mainil | Identification of the F17 fimbrial subunit-and adhesin-encoding (f17A and f17G) gene variants in necrotoxigenic Escherichia coli from cattle, pigs and humans[END_REF]. The adhesion of type 1 and F17a fimbriae to their receptors is mediated by the adhesin subunit, respectively FimH or F17a-G, which is located at the tip of the fimbriae. Because attachment is essential for infection, anti-adhesin antibodies can play an important role in protective immunity [START_REF] Langermann | Prevention of mucosal Escherichia coli infection by FimH-adhesin-based systemic vaccination[END_REF]. Immunization with complete fimbriae or inactivated bacteria carrying these may however mostly generate antibodies against the repeated major subunits, and not against the adhesins.

Adhesins are unstable when expressed on their own, but expressing only the N-terminal receptor-binding domain (RBD) overcomes this problem [START_REF] Buts | The fimbrial adhesin F17-G of enterotoxigenic Escherichia coli has an immunoglobulin-like lectin domain that binds N-acetylglucosamine[END_REF][START_REF] Hung | Structural basis of tropism of Escherichia coli to the bladder during urinary tract infection[END_REF].

Purifying large quantities of adhesins is nonetheless not cost-effective; therefore the use of an antigen delivery system can be advantageous. We examined the potential of killed Salmonella cells, expressing the F17a-G or FimH RBD fused to the translocator domain of the autotransporter AIDA-I (Benz and Schmidt, 1989), to elicit an antibody response to these adhesins. Vaccination using inactivated bacteria avoids the safety issues related to the use of live-attenuated bacteria and allows the immunization with bacteria expressing the antigens at high levels, which in live-attenuated bacteria can interfere with the viability of the bacteria. 

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table I. Bacteria were grown at 37°C on Luria-Bertani (LB) agar plates or in LB broth, supplemented with carbenicillin (100 mg/l) or kanamycin (50 mg/l) when required.

Cloning

Fusion of the RBD of the F17a-G or FimH adhesins to the AIDA-I translocator domain was carried out using the MultiSite Gateway® Three-Fragment Vector Construction Kit (Invitrogen). The primers used are shown in Table II.

The plasmids pGV5141 or pGV5153 were obtained after site-specific LR recombination between the destination vector pDESTR4-R3 and the plasmids pGV5159 and pGV5153, together with pGV5125 or pGV5292. The resulting plasmids pGV5141 and pGV5153 contain a translational gene fusion coding for the F17a-G or the FimH receptor-binding domain, fused to the translocator domain of AIDA-I, under the control of the P BAD promoter.

Expression of the RBD fused to AIDA-I

Recombinant gene expression was analyzed in E. coli K514 and Salmonella (Van Gerven et al., 2008). The presence of the fusion protein in bacterial whole-cell lysates was examined by SDS-PAGE and Western blotting, using a rabbit antiserum raised against the F17a-G or FimH RBD. Outer membrane (OM)-enriched fractions of bacteria were prepared using the sarcosyl method (Rizos et al., 2003). The RBD of F17a-G and FimH was purified using gel filtration and affinity chromatography [START_REF] Bouckaert | Receptor binding studies disclose a novel class of high-affinity inhibitors of the Escherichia coli FimH adhesin[END_REF][START_REF] Buts | The fimbrial adhesin F17-G of enterotoxigenic Escherichia coli has an immunoglobulin-like lectin domain that binds N-acetylglucosamine[END_REF]. The purity of the resulting proteins was confirmed by SDS-PAGE, followed by Coomassie Blue staining.

Preparation of the purified RBDs

Immunization of mice

Female BALB/c mice were immunized intraperitoneally (i.p.) or subcutaneously (s.c.) with 100 µl of a 1 mg/ml suspension of powder of induced and subsequently acetoneinactivated bacterial cultures, prepared as described [START_REF] Harlow | Antibodies: A Laboratory Manual[END_REF], in sterile phosphate buffered saline (PBS). Blood samples were collected from the tail vein of each mouse before the first immunization and after two, four, six and eight weeks. The immune response to the F17a-G or FimH RBD or to LPS of S. Typhimurium (Sigma) was tested by ELISA, both on individual samples as on pools, as described (Van Gerven et al., 2008).

Experiments were repeated two independent times. Animals were handled following all relevant national guidelines and institutional policies.

Agglutination assays

Hemagglutination assays were performed with bovine or rabbit erythrocytes in 96-well, round-bottom microtiter plates and on glass slides as described [START_REF] Brunder | Novel type of fimbriae encoded by the large plasmid of sorbitol-fermenting enterohemorrhagic Escherichia coli O157:H(-)[END_REF]. Yeast agglutination assays were performed on glass slides, using a 1% suspension of live commercial baker's yeast in PBS. Mice sera were used starting from a dilution of 1:20.

Results and discussion

Construction and expression of the F17a-G-AIDA-I and FimH-AIDA-I fusion proteins

Since, in the case of live-attenuated vaccines, surface expression enhances the immune response to heterologous antigens [START_REF] Haddad | Surface display compared to periplasmic expression of a malarial antigen in Salmonella typhimurium and its implications for immunogenicity[END_REF][START_REF] Liljeqvist | Production of recombinant subunit vaccines: protein immunogens, live delivery systems and nucleic acid vaccines[END_REF], the RBD of To determine the cellular localization of the F17a-G or FimH RBD, OM-enriched fractions were prepared of non-induced and L-arabinose-induced E. coli K514 and S.

Typhimurium DV6181 transformed with plasmid pGV5141 or pGV5153. In both strains, and for both plasmids, the fusion protein was mainly recovered in the sarcosyl-insoluble fraction, containing the bacterial OM (data not shown).

Induction of anti-adhesin antibodies using acetone-inactivated bacteria

In order to test the immunogenicity of the proteins expressed by the Salmonella strains, mice were immunized i.p. or s.c. with a suspension of L-arabinose-induced and subsequently acetone-inactivated cultures of DV6181 containing plasmid pGV5141. Acetone treatment was chosen as inactivation method, since immunization with acetone-inactivated S. enterica serovar Typhi protected against challenge in mice [START_REF] Esposito | Immunological response of three mouse strains to typhoid vaccine and Vi antigen[END_REF] and humans [START_REF] Pittman | Laboratory assays of different types of field trial typhoid vaccines and relationship to efficacy in man[END_REF]. After two weeks, a strong IgG antibody response was detected in the immunized mice. This response further increased in time. A comparison of s.c. and i.p. immunizations showed that, although i.p. immunization was superior in evoking an anti-LPS response (data not shown), both were equally effective in eliciting an antibody response to F17a-G (Fig. 2A).

To determine the requirements for efficient immunization, the ability to elicit anti-F17a-G responses of E. coli MG1655 containing plasmid pGV5153 and of S. Typhimurium A c c e p t e d M a n u s c r i p t 6 DV6181, carrying the plasmid pPLHD673, and therefore expressing the F17a-G RBD in the periplasm, was tested. Mice were immunized i.p. with L-arabinose-induced and subsequently acetone-inactivated bacteria and, as negative controls, with acetone-inactivated MG1655 and DV6181 bacteria. The lack of IgG antibody response against the F17a-G RBD after these immunizations, as shown in Fig. 2B, suggested that both the fusion to AIDA-I and the use of a Salmonella strain as carrier were necessary to efficiently raise antibodies against the RBD. A comparison with acetone-inactivated cells of E. coli 25KHO9st, a clinical isolate carrying complete F17a fimbriae, was also done. Again, no noticeable antibody response against F17a-G was detected in ELISA (Fig. 2B). This can be due to an immunodominance of the repeated major fimbrial subunit F17a-A. It is also possible that fusion to AIDA-I is more efficient because more copies of the F17a-G are present.

To test the general applicability of the immunization with acetone-inactivated bacteria, the experiment was repeated with S. Typhimurium DV6181 containing the FimH-AIDA-I fusion. Again, a clear IgG antibody response was detected after immunization (Fig. 2C).

Inhibition of in vitro bacterial attachment by immune sera

Inhibition of binding of F17a-G to GlcNAc-containing receptors was tested via hemagglutination of E. coli 25KHO9st with bovine erythrocytes. A 1:40 dilution of pooled sera of five mice immunized with acetone-inactivated S. Typhimurium DV6181 expressing the F17a-G-AIDA-I fusion completely inhibited agglutination, and a 1:80 dilution of these sera largely inhibited agglutination. Sera of naive mice or sera of mice immunized with acetoneinactivated S. Typhimurium DV6181 did not inhibit agglutination, when used at the same dilutions (data not shown). To evaluate the ability of the immune sera to inhibit binding of FimH to mannose-containing receptors, we performed both agglutination assays with yeast and While there has been a considerable interest in using live-attenuated enteric organisms as vaccine vectors, little attention has been focused on non-living vectors. Although i.p. immunization with acetone-inactivated Salmonella bacteria, displaying the RBD of the FimH and F17a-G adhesins did not generate the mucosal IgA response that can in principle be obtained with live-attenuated Salmonella bacteria (data not shown), a fast and efficient IgG response against the heterologous antigens was obtained. Since mucosal vaccination with inactivated whole cells has already shown promise against toxigenic enteric diseases caused by ETEC and Vibrio cholerae [START_REF] Osorio | Vaccine potential for inactivated shigellae[END_REF], other ways of administration than i.p. immunization might elicit a mucosal immune response. In addition, a systemic immune response can protect against UPEC infections [START_REF] Langermann | Prevention of mucosal Escherichia coli infection by FimH-adhesin-based systemic vaccination[END_REF][START_REF] Langermann | Vaccination with FimH adhesin A c c e p t e d M a n u s c r i p t 10 protects cynomolgus monkeys from colonization and infection by uropathogenic Escherichia coli[END_REF]. 

Figure legends

  F17a-G adhesins were targeted to the surface of the bacteria by fusing them to the translocator domain of the autotransporter protein AIDA-I. Expression of the fusion proteins was confirmed by SDS-PAGE of whole cell lysates of L-arabinose-induced bacteria and subsequent Western blotting, using a rabbit antiserum raised against the RBD of F17a-G (Fig.1A) or FimH (Fig.1B).

  rabbit erythrocytes. E. coli K514 cells were unable to agglutinate yeast cells or rabbit erythrocytes in the presence of a 1:80 dilution of pooled sera of five mice immunized with acetone-inactivated S. Typhimurium DV6181 expressing the FimH-AIDA-I fusion. Sera of naive mice or sera of mice immunized with the controls did not inhibit agglutination, when used at the same dilution (data not shown). Since the amino acid sequence of FimH is conserved among E. coli of different origin(Vandemaele et al., 2004), we tested the inhibitory effect of the sera on agglutination of clinical E. coli isolates. As expected, the sera obtained after immunization with acetone-inactivated S. Typhimurium DV6181 expressing the FimH-AIDA-I fusion could also inhibit agglutination of yeast cells and rabbit erythrocytes by the human UPEC strain UTI89 and by the APEC strains APEC 5 and APEC 60 (data not shown).

  this study proves that in vitro induced and subsequently acetoneinactivated Salmonella bacteria could be used as delivery vehicles for foreign antigens, and surface expression accounts for a better stimulation of an IgG antibody response against these heterologous antigens.
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 1 Fig. 1. Expression of the F17a-G or FimH receptor-binding domain (RBD), fused to the
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  The araBAD promoter (P BAD ) and the araC gene in pDONRP4-P1(Van Gerven et al., 2008) pPLHD673Contains the F17a-G adhesin (amplified with primers F17-30 and F17-32 and cloned in the pBAD/Myc-His A vector between the filled-in XbaI site and the EcoRI site) expressed in the periplasm under the control of the P pDONR221 (position 305060 to 305608 of accession number AE016771), amplified from E. coliK514 using primers Fim3 and FimH6This study
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Table I . Bacterial strains and plasmids used in this study Plasmid or strain Description Source or reference

 I 

	S. Typhimurium	Attenuated guaB fliCfljBA derivative of S. Typhimurium	(Adriaensen, 2006)
	DV6181	1491S96, a pathogenic isolate from a chicken.	
	E. coli K514	hsdR derivative of E. coli C600	(Colson et al., 1965)
	E. coli E2787	Clinical O126:H27 isolate expressing the AIDA-I	Dr. H. Imberechts, CODA
		autotransporter	
	E. coli MG1655	Wild type E. coli K12 strain	E. coli Genetic Stock
			Center
	E. coli 25KHO9st	Spontaneous non-toxigenic derivative of a bovine ETEC strain	(Lintermans et al., 1988)
		producing F17a fimbriae	
	APEC 5	Clinical APEC isolated from a broiler chick	(Vandemaele et al., 2003)
	APEC 60	Clinical APEC isolated from a laying hen	(Vandemaele et al., 2003)
	E. coli UTI89	Clinical UPEC isolated from a human cystitis patient	(Mulvey et al., 2001)
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