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Introduction

Salmonella enterica include facultative intracellular pathogens capable of infecting the intestinal tract of man as well as a large variety of animals [START_REF] Rhen | Salmonella molecular biology and pathogenesis[END_REF]. Murine and cell culture-based infection models have revealed a number of characteristic virulence factors for S. enterica serovar Typhimurium [START_REF] Lahiri | Visiting the cell biology of Salmonella infection[END_REF][START_REF] Dunn | Uncivil engineers: Chlamydia, Salmonella and Shigella alter cytoskeleton architecture to invade epithelial cells[END_REF][START_REF] Valdez | Molecular mechanisms of Salmonella virulence and host resistance[END_REF]. Amongst these are two separate type III secretion systems (T3SSs), coded for by Salmonella pathogenicity islands 1 and 2 (SPI1 and SPI2) [START_REF] Valdez | Molecular mechanisms of Salmonella virulence and host resistance[END_REF]. SPI1 mediates bacterial invasion at the intestinal lining and also contributes to induction of the host inflammatory response to S.

Typhimurium [START_REF] Barthel | Pretreatment of mice with streptomycin provides a Salmonella enterica serovar Typhimurium colitis model that allows analysis of both pathogen and host[END_REF][START_REF] Miao | Innate immune detection of the type III secretion apparatus through the NLRC4 inflammasome[END_REF]. SPI2 in turn is needed for bacterial intracellular replication [START_REF] Kuhle | Cellular microbiology of intracellular Salmonella enterica: functions of the type III secretion system encoded by Salmonella pathogenicity island 2[END_REF].

The increase in resistance to antibacterial agents has prompted searches for substances that would provide alternative modes of interference with bacterial infectiveness [START_REF] Baron | Antivirulence drugs to target bacterial secretion systems[END_REF]. One such strategy screens chemical libraries to identify compounds that interfere with the expression or functionality of bacterial virulence factors. The virulence factors so far targeted include selected toxins [START_REF] Hung | Small-molecule inhibitor of Vibrio cholerae virulence and intestinal colonization[END_REF], bacterial adhesins [START_REF] Hung | Small-molecule inhibitor of Vibrio cholerae virulence and intestinal colonization[END_REF] and, notably, virulence-associated bacterial protein secretion systems [START_REF] Baron | Antivirulence drugs to target bacterial secretion systems[END_REF][START_REF] Felise | An inhibitor of Gram-negative bacterial virulence protein secretion[END_REF][START_REF] Kauppi | Targeting bacterial virulence: inhibitors of type III secretion in Yersinia[END_REF]. Many of the small-molecular virulence inhibitors identified to date also target the Salmonella T3SSs [START_REF] Baron | Antivirulence drugs to target bacterial secretion systems[END_REF][START_REF] Keyser | Virulence blockers as alternatives to antibiotics: type III secretion inhibitors against Gram-negative bacteria[END_REF]. Amongst such compounds are the salicylidene acylhydrazides [START_REF] Keyser | Virulence blockers as alternatives to antibiotics: type III secretion inhibitors against Gram-negative bacteria[END_REF][START_REF] Hudson | Inhibition of type III secretion in Salmonella enterica serovar Typhimurium by small-molecule inhibitors[END_REF][START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF] and the thiazolidinones [START_REF] Felise | An inhibitor of Gram-negative bacterial virulence protein secretion[END_REF][START_REF] Kline | Tethered thiazolidinone dimers as inhibitors of the bacterial type III secretion system[END_REF] that affect T3SS activity in several species of Gram-negative pathogens. The macrolide bafilomycin as well as the benzimidazole omeprazole also affect SPI2-associated virulence traits [START_REF] Chakravortty | Salmonella pathogenicity island 2 mediates protection of intracellular Salmonella from reactive nitrogen intermediates[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF].

Characterisation of the mechanistic action of virulence inhibitors is an important step towards developing existing lead compounds into pharmaceutically applicable

A c c e p t e d M a n u s c r i p t 5 substances. Virstatin, for example, appears to block the activity of the Tox regulon in Vibrio cholerae [START_REF] Hung | Small-molecule inhibitor of Vibrio cholerae virulence and intestinal colonization[END_REF]. This results in inhibition of the expression of cholera toxin and the toxin-coregulated pilus Tcp. Thiazolidinones and salicylidene acylhydrazides, respectively, affect assembly of the SPI1 T3SS of S. Typhimurium and the T3SS of Shigella flexneri [START_REF] Veenendaal | Small-molecule type III secretion system inhibitors block assembly of the Shigella type III secreton[END_REF].

The antipsychotic chlorpromazine and its derivatives act as potent anti-infectives for intracellular bacterial pathogens such as Listeria monocytogenes [START_REF] Lieberman | Inhibition of Listeria monocytogenes infection by neurological drugs[END_REF],

Mycobacterium tuberculosis [START_REF] Amaral | Thioridazine cures extensively drug-resistant tuberculosis (XDR-TB) and the need for global trials is now![END_REF][START_REF] Amaral | Phenothiazines, bacterial efflux pumps and targeting the macrophage for enhanced killing of intracellular XDRTB[END_REF][START_REF] Amaral | Therapy of XDR TB with thioridazine a drug beyond patent protection but eligible for patent 'as new use[END_REF][START_REF] Van Soolingen | The antipsychotic thioridazine shows promising therapeutic activity in a mouse model of multidrug-resistant tuberculosis[END_REF] and S. enterica [START_REF] Amaral | The effects of chlorpromazine on the outer cell wall of Salmonella typhimurium in ensuring resistance to the drug[END_REF][START_REF] Dasgupta | Thioridazine protects the mouse from a virulent infection by Salmonella enterica serovar Typhimurium 74[END_REF][START_REF] Grosz | Effect of chlorpromazine on Salmonella enteritidis infection in mice[END_REF]. These compounds already pose promising clinical applicability. Chlorpromazine prevents systemic salmonellosis in mice [START_REF] Dasgupta | Thioridazine protects the mouse from a virulent infection by Salmonella enterica serovar Typhimurium 74[END_REF][START_REF] Grosz | Effect of chlorpromazine on Salmonella enteritidis infection in mice[END_REF]. Its derivative thioridazine in turn has a proven curative effect on multidrug-resistant M. tuberculosis infection in man [START_REF] Amaral | Thioridazine cures extensively drug-resistant tuberculosis (XDR-TB) and the need for global trials is now![END_REF]. Whilst chlorpromazines in vitro primarily act on efflux pumps at the bacterial cytoplasmic membrane, the anti-infectiveness evidently also derives from an immunomodulatory activity on macrophages [START_REF] Amaral | Phenothiazines, bacterial efflux pumps and targeting the macrophage for enhanced killing of intracellular XDRTB[END_REF]. Thus, a targeted pharmaceutical modulation of host cell responses could well provide another strategy for coping with bacterial infections.

A central feature of Salmonella pathogenesis is the close connection between innate host immune responses and phagocytic cells. Mice deficient in the phagocyte NADPH oxidase or inducible nitric oxide synthase (iNOS) show increased susceptibility to S. Typhimurium [START_REF] Vazquez-Torres | Antimicrobial actions of the NADPH phagocyte oxidase and inducible nitric oxide synthase in experimental salmonellosis. I. Effects on microbial killing by activated peritoneal macrophages in vitro[END_REF]. This implies an important role of phagocytederived radical stress in host resistance to salmonellosis. Nitric oxide (NO) also prevents the genetic induction of the SPI2 T3SS and thus illustrates a direct coupling between NO and the very ability of S. Typhimurium to express virulence [START_REF] Mccollister | Repression of SPI2 transcription by nitric oxide-producing, IFNγ-activated macrophages promotes maturation of Salmonella phagosomes[END_REF]. enterica [START_REF] Van Den Berg | Chronic granulomatous disease: the European experience[END_REF][START_REF] Winkelstein | Chronic granulomatous disease. Report on a national registry of 368 patients[END_REF].

The salicylidene acylhydrazide INP0010 and the benzimidazole omeprazole block SPI2-assisted replication of S. Typhimurium in macrophage-like RAW264.7 cells [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF]. Hence, a first purpose of this report was to define to what extent INP0010 and omeprazole exert combined effects on the intracellular replication of S.

Typhimurium. A second aim was to define whether anti-infective effects would relate to innate host cells responses. As the abilities of separate cell types and organisms differ in mounting nitrosative and oxidative responses, we also chose to compare the effects of INP0010 and omeprazole on S. Typhimurium in different infection models.

Materials and methods

Bacterial strains, nematodes, plasmids and growth conditions

Salmonella Typhimurium strain 14028 [American Type Culture Collection (ATCC), Manassas, VA] was cultured in Luria-Bertani (LB) medium or on LB agar plates. The plasmid coding for the haemagglutinin (HA)-tagged SPI2 effector protein SseJ (SseJ-HA) and green fluorescent protein (GFP) was kindly provided by Michael Hensel [START_REF] Chakravortty | Salmonella pathogenicity island 2 mediates protection of intracellular Salmonella from reactive nitrogen intermediates[END_REF]. When needed, the growth medium was supplemented with ampicillin (Sigma. St Louis, MO) to a final concentration of 100 μg/mL. Caenorhabditis elegans wild-type strain Bristol (N2) (Caenorhabditis Genetics Center, University of Minnesota, Minneapolis, MN) was cultured and maintained on modified nematode A c c e p t e d M a n u s c r i p t 7 growth medium (NGM) (0.35% peptone) and was fed with Escherichia coli strain OP50, as described previously [START_REF] Brenner | The genetics of Caenorhabditis elegans[END_REF].

Virulence inhibitors

The proton pump inhibitor omeprazole (Sigma) and the salicylidene acylhydrazide N- [START_REF] Layton | Salicylidene acylhydrazide-mediated inhibition of type III secretion system-1 in Salmonella enterica serovar Typhimurium is associated with iron restriction and can be reversed by free iron[END_REF] were solubilised in dimethyl sulphoxide (DMSO) (Sigma) and were used at 200 μM and 40 μM concentration, respectively [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF] unless otherwise stated. INP0010 was provided by Mikael Elofsson (Creative Antibiotics AD, and the Department of Chemistry, Umeå University, Umeå, Sweden).

(3,5-dibromobenzylidene) (INP0010)
Plain DMSO was used as the negative control in all experiments.

In vitro cell culture infection

The epithelioid MDCK and the murine RAW264.7 macrophage-like cell lines (ATCC) were, respectively, cultured in Dulbecco's Modified Eagle's Medium (D-MEM) and RPMI medium (Gibco, Paisley, UK), supplemented with 10% fetal bovine serum (FBS) (Gibco), L-glutamine (10 mM), HEPES (10 mM) and gentamicin (10 mg/ml). Lglutamine, HEPES and gentamicin were from Sigma. Invasion and infection of cells was performed by the gentamicin protection assay. Briefly, for invasion of MDCK cells, bacteria were grown overnight in LB medium at 37 °C, diluted 1:10 and grown on a roller incubator for 3 h. Afterwards, the bacterial cultures were diluted directly in D-MEM supplemented with HEPES and were seeded onto the cells at a multiplicity of infection (MOI) of 10.
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For infection of RAW264.7 cells, bacteria grown to be non-invasive (on LB agar plates) were opsonised with 10% pre-immune BALB/c mouse serum for 30 min at 37 °C and were used at a MOI of 10 [14,17].

For both cell types, at 1 h after infection cell culture medium containing gentamicin at a concentration of 50 μg/mL was applied and cells were incubated for 45 min to ensure killing of extracellular bacteria. Afterwards, the killing medium was replaced by maintenance medium containing 10 μg/mL gentamicin. Virulence inhibitors were added in the killing and maintenance media at the indicated concentrations. When mentioned, N-monomethyl-L-arginine (NMMA) or ascorbic acid, both from Sigma, were added at final concentrations of 2.5 mM and 1 mM, respectively, in the killing and maintenance media of infected RAW264.7 cells.

When stated, lipopolysaccharides (LPS) stimulation of RAW264.7 cells was done for 16 h using 50 ng/mL of Salmonella SL5007 LPS [START_REF] Nnalue | All accessible epitopes in the Salmonella lipopolysaccharide core are associated with branch residues[END_REF] kindly provided by Ralfh Wollin.

At 2 h and 16 h time points after infection, cells were lysed using freshly made sodium deoxycholate (0.5% v/w) for MDCK cells or by hypotonic lysis in the case of RAW264.7 cells. The number of intracellular bacteria was determined by colonyforming unit counts of viable bacteria.
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Assessment of nitric oxide production

Production of NO was determined by measuring levels of nitrite in the cell culture supernatants using the Griess reagent (Merck, Darmstadt, Germany) and defined standards of sodium nitrite (Merck).

Detection of intracellular reactive oxygen species (ROS)

Production of ROS in Salmonella-infected RAW264.7 macrophage-like cells was assessed using 2',7'-dichlorofluorescin diacetate (H 2 DCF-DA) (Sigma), a cellpermeable non-fluorescent probe that becomes de-esterified and upon oxidation turns into fluorescent 2',7'-dichlorofluorescin. At 16 h post infection, cells were washed with phosphate-buffered saline (PBS) and were incubated for 30 min at 37 °C in PBS containing 1 μM H 2 DCF-DA. Following incubation, cells were washed with cold PBS and detection of fluorescence was done by flow cytometry.

Immunoblotting

Infected or LPS-stimulated cells were washed in PBS and were lysed immediately in 100 mM Tris (pH 8) containing 150 mM NaCl (Sigma), 1 mM phenylmethanesulfonylfluorid (PMSF) (Sigma) and 1% NP-40 (Merck). Proteins were separated on 12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gels and were transferred onto Hybond-P PVDF membranes (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the manufacturer instructions. SseJ-HA and iNOS were detected using a mouse monoclonal anti-HA primary antibody (Covance, Princeton, NJ) and rabbit polyclonal anti-iNOS serum A c c e p t e d M a n u s c r i p t 10 (Santa Cruz Biotechnology, Santa Cruz, CA). GFP and actin were detected in parallel by immunoblotting and were used as internal standards, using a mouse anti-GFP (Covance) antibody and a rabbit anti-actin antibody (Sigma), respectively. Bound primary antibodies were detected using peroxidase-conjugated anti-rabbit or anti-mouse antibodies and the SuperSignal Chemiluminescent Detection Kit from Pierce Biotechnology (Rockford, IL). The PageRuler TM Pre-Stained Protein Ladder Plus (Fermentas, Ontario, Canada) was used as a molecular mass marker.

Determination of cytokine release

Levels of tumour necrosis factor-alpha (TNFα) were measured from the infected cell culture supernatants using OptEIA TM ELISA Kits (BD Bioscience, Franklin Lakes, NJ), according to the manufacturer's instructions.

Immunofluorescence microscopy

RAW264.7 cells were seeded on coverslips and were infected as described above with S. Typhimurium 14028 having the plasmid coding for the HA-tagged SseJ protein and GFP. At 16 h post infection, cells were fixed in phosphate-buffered 4% formaldehyde (pH 7.2), permeabilised with 0.2% saponin and blocked with 10 mg/mL bovine serum albumin and 10% FBS. For the detection of SseJ-HA, the mouse monoclonal anti-HA primary antibody (1:50) (Covance) and an anti-mouse IgG Cy3conjugated secondary antibody (1:50) (Jackson ImmunoResearch, Newmarket, UK) were used. The coverslips were mounted on microscopy slides and were observed using a confocal fluorescence microscope. Infected worms were also transferred to unseeded NGM plates to verify the phenotype. Worms were considered paralysed when neither body twitching nor pharyngeal pumping could be observed. Results are representative of three independent assays.

Statistical analyses

All experiments were performed in triplicate, repeated at least two times and analysed by a two-sided Student's t-test to determine statistical significance between the values for the different groups. 

Divergent and antagonistic effects of INP0010 and omeprazole on bacterial intracellular replication

Until now, INP0010 and omeprazole have only been analysed for their ability to inhibit intracellular replication of S. Typhimurium in the macrophage-like RAW264.7 cell line [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF]. We thus set out to test whether the growth inhibitory effects of INP0010 and omeprazole could be reproduced in epithelial MDCK cells. Surprisingly, at 40 μM INP0010 substantially enhanced the intracellular growth yield compared with solvent-treated control cells (Fig. 1a). Omeprazole did not affect intracellular replication of S. Typhimurium 14028 in MDCK cells even at 200 μM (Fig. 1a). When MDCK cells were treated with both compounds, the growth increase generated by INP0100 was reduced (Fig. 1a).

In accordance with previous reports [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF], INP0010 inhibited intracellular replication of S. Typhimurium in RAW264.7 cells at 20 μM [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF], whereas omeprazole inhibited growth at 100 μM [START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF] (Fig. 1b). A combination of INP0010 20 μM and omeprazole 100 μM resulted in a notable antagonism in growth inhibition (Fig. 1b).

At 40 μM and 200 μM of INP0010 and omeprazole, respectively, an enhancement in growth inhibition by the individual compounds was noted, as previously published [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF], but there was no additional effects on bacterial intracellular replication when the compounds were combined at these concentrations (Fig. 1b). Thus, the cell line chosen as an infection model greatly influenced the potential of INP0010 and omeprazole to affect intracellular replication of S. Typhimurium. Furthermore, Cells infected with S. Typhimurium showed weak expression of iNOS (Fig. 2a) accompanied with moderate NO production (Fig. 2b). In accordance with our previous results, expression of iNOS and NO were blocked in infected cells treated with omeprazole (Fig. 2a,b) [START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF]. INP0010-treated infected cells, on the other hand, revealed a pronounced expression of iNOS and a significant enhancement in NO production as previously noted [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF] (Fig. 2a,b). Compared with the INP0010-treated infected cells, a combination of the two compounds resulted in a reduction in both iNOS and NO expression (Fig. 2a,b). In contrast, no enhancement in iNOS or NO production was noted in uninfected compound-treated cells (Fig. 2a).

Effects of INP0010 and omeprazole on inflammatory responses

When S. Typhimurium infection was replaced by addition of LPS, omeprazole blocked, whilst INP0010 stimulated, iNOS induction. Furthermore, omeprazole again A c c e p t e d M a n u s c r i p t 14 blocked INP0010-mediated iNOS induction (Fig. 2a). This demonstrates that the effect of iNOS and NO production posed by either INP0010 or omeprazole did not rely on live S. Typhimurium bacteria. Thus, INP0010 and omeprazole acted, respectively, as a stimulator and a suppressor of the NO response in RAW264.7 cells (Fig. 2a,b). Omeprazole also efficiently blocked secretion of TNFα in infected cells, as already shown [START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF], and antagonised secretion of TNFα in INP0010-treated infected cells (Fig. 2c).

Uninfected or LPS-untreated cells did not secrete any detectable amounts of TNFα (data not shown).

INP0010 enhanced the production of ROS generated in infected RAW264.7 cells (Fig. 3). No such enhancement was observed for omeprazole (Fig. 3). Surprisingly though, as analysed by cell sorting, a combination of INP0010 and omeprazole generated a subpopulation of RAW264.7 cells displaying an enhanced oxidative response (Fig. 3).

Radical stress as an effector of INP0010-mediated inhibition of bacterial intracellular replication

Intracellular replication of S. Typhimurium in RAW264.7 cells strongly depends on the SPI2 T3SS [START_REF] Chakravortty | Salmonella pathogenicity island 2 mediates protection of intracellular Salmonella from reactive nitrogen intermediates[END_REF][START_REF] Puiac | Omeprazole antagonizes virulence and inflammation in Salmonella enterica-infected RAW264.7 cells[END_REF]. The fact that INP0010 primed RAW264.7 cells for NO production upon infection, and that NO suppresses expression of SPI2 [START_REF] Mccollister | Repression of SPI2 transcription by nitric oxide-producing, IFNγ-activated macrophages promotes maturation of Salmonella phagosomes[END_REF], scavenger ascorbic acid at 1 mM or omeprazole at 200 μM, NO expression was reduced in S. Typhimurium-infected cells (Fig. 4a). Significantly, NMMA and ascorbic acid restored bacterial intracellular growth yield in INP10010-treated but not in omeprazole-treated cells (Fig. 4b). Finally, we could not detect NO production in S.

Typhimurium-infected MDCK cells, in which INP0010 stimulated bacterial growth (data not shown). Combined, these observations implicate a significant contribution of NO in INP0010-mediated bacteriostasis. On the other hand, in RAW264.7 cells, scavenging radical stress did not abrogate growth inhibition mediated by omeprazole.

Effects of INP0010 and omeprazole on SPI2 effector protein expression

To compare further the activities of the compounds, we set out to analyse the effects of INP0010, omeprazole and NMMA on SPI2 expression in infected cells. For this, RAW264.7 cells were infected with GFP-tagged S. Typhimurium 14028 that also expresses a 2×HA-tagged variant of the SPI2 effector protein SseJ from its intrinsic promoter.

At 16 h post infection, RAW264.7 cells not exposed to compounds revealed numerous cells heavily loaded with bacteria. Such cells typically showed immunostaining for SseJ-HA at the bacterial surroundings even at dispersed locations in the cell (Fig. 5a). In comparison, infected cultures treated with INP0010 revealed a substantially reduced number of heavily infected cells. Also, the bacteria A c c e p t e d M a n u s c r i p t 16 in such cells appeared more elongated and typically lacked SseJ-HA staining at the bacterial extensions (Fig. 5a). Omeprazole-treated cultures also revealed few cells with larger amounts of intracellular bacteria. The bacteria in such cells appeared short rather than elongated, and mostly retained within an area of SseJ-HA staining (Fig. 5a).

The bacteria and SseJ-HA distribution in cells treated with a combination of INP0010 and omeprazole much resembled infected cells treated with omeprazole alone (Fig. 5a). When NMMA was used in combination with INP0010, there was a restoration of SseJ-HA staining intensity and bacterial shape (Fig. 5a).

Immunoblotting of cell lysates revealed a clear expression of SseJ-HA and GFP in untreated cells (Fig. 5b). INP0010-treated infected cells showed a decrease in the ratio between the SseJ-HA and GFP signals. Whilst the bacterial numbers recovered from omeprazole-treated infected cells paralleled the yield from INP0010-treated cells, the signal ratio between SseJ-HA and GFP was comparable with that of untreated cultures (Fig. 5b). This further implies that INP0010 acts through SPI2 expression.

Additive effect of INP0010 and omeprazole in Caenorhabditis elegans

Caenorhabditis elegans has established itself as a nematode infection model for several different bacterial pathogens [START_REF] Styer | Yersinia pestis kills Caenorhabditis elegans by a biofilm-independent process that involves novel virulence factors[END_REF][START_REF] Zaborin | Red death in Caenorhabditis elegans caused by Pseudomonas aeruginosa PAO1[END_REF][START_REF] Tenor | Caenorhabditis elegansbased screen identifies Salmonella virulence factors required for conserved hostpathogen interactions[END_REF], including S. Typhimurium [START_REF] Tenor | Caenorhabditis elegansbased screen identifies Salmonella virulence factors required for conserved hostpathogen interactions[END_REF]. With regard to S. Typhimurium, selected virulence factors defined from murine infection models have also revealed a role in reducing the lifespan of C. elegans [START_REF] Tenor | Caenorhabditis elegansbased screen identifies Salmonella virulence factors required for conserved hostpathogen interactions[END_REF]. This led Caenorhabditis elegans exposed to S. Typhimurium in a liquid-based infection model showed pronounced paralysis (Fig. 6). INP0010 applied at 40 μM in this infection model reduced nematode paralysis. Omeprazole at 200 μM had a slight beneficial effect on the infected worms. Surprisingly, a combination of INP0010 and omeprazole substantially reduced S. Typhimurium-induced paralysis in C. elegans even compared with INP0010-treated worms (Fig. 6).

Discussion

Recently, several high-throughput screens have been conducted to identify smallmolecular substances that inhibit bacterial virulence factors [START_REF] Baron | Antivirulence drugs to target bacterial secretion systems[END_REF][START_REF] Keyser | Virulence blockers as alternatives to antibiotics: type III secretion inhibitors against Gram-negative bacteria[END_REF][START_REF] Dahlgren | Statistical molecular design of a focused salicylidene acylhydrazide library and multivariate QSAR of inhibition of type III secretion in the Gram-negative bacterium Yersinia[END_REF]. The rationale behind these approaches is that such compounds could selectively inhibit virulence factor-mediated disease but not cause general growth suppression on the bacterial microflora [START_REF] Keyser | Virulence blockers as alternatives to antibiotics: type III secretion inhibitors against Gram-negative bacteria[END_REF]. In this, bacterial virulence-associated T3SSs have proven valuable target candidates for several classes of substances. In particular, two groups of lead compounds, the thiazolidinones and salicylidene acylhydrazides, have shown inhibitory activity on T3SS from several clinically relevant Gram-negative pathogens in in vitro settings as well as in cell culture-based infection models [START_REF] Felise | An inhibitor of Gram-negative bacterial virulence protein secretion[END_REF][START_REF] Keyser | Virulence blockers as alternatives to antibiotics: type III secretion inhibitors against Gram-negative bacteria[END_REF]. So far, two separate mechanisms have been suggested for salicylidene acylhydrazide-mediated inhibition of T3SS activity. First, electron microscopy on S. flexneri treated with salicylidene acylhydrazides revealed interference with the surface-associated T3SS translocon structure [START_REF] Veenendaal | Small-molecule type III secretion system inhibitors block assembly of the Shigella type III secreton[END_REF]. However, the expression of major translocon protein components was not affected. Likewise, in S. Typhimurium, salicylidene acylhydrazides prevent in vitro secretion rather than expression of recombinant SPI1 T3SS effector protein reporter constructs [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF]. Another mechanism would be suppression of genetic induction of the T3SS genetic determinants. Indeed, transcriptomic profiling [START_REF] Layton | Salicylidene acylhydrazide-mediated inhibition of type III secretion system-1 in Salmonella enterica serovar Typhimurium is associated with iron restriction and can be reversed by free iron[END_REF] and SPI1 lacZ reporter constructs [START_REF] Negrea | Salicylidene acylhydrazides that affect type III protein secretion in Salmonella enterica serovar Typhimurium[END_REF] indicate that SPI1 is transcriptionally downregulated upon exposure of S.

Typhimurium to salicylidene acylhydrazides. The proposed mechanisms of activities are not necessarily exclusive. In Yersinia pseudotuberculosis, expression of the plasmid-encoded T3SS is repressed by LcrQ. Intriguingly, LcrQ is also secreted by the Yesinia T3SS. T3SS activity is also repressed by salicylidene acylhydrazides [START_REF] Nordfelth | Smallmolecule inhibitors specifically targeting type III secretion[END_REF]. In a mutant lacking the LcrQ repressor, the compounds do not block expression of the T3SS system. Still, effector protein secretion remained inhibited by salicylidene acylhydrazides in the mutant. Thus, if a T3SS involves an inhibitor that also acts as a substrate for the T3SS, then blockage of T3SS activity would result in cytoplasmic accumulation of the repressor and enhanced suppression of T3SS expression. SPI2 and NO are functionally interconnected. SPI2 mediates protection from NO, whereas NO in turn causes repression of SPI2 expression in interferon-gamma (IFNγ)-activated RAW264.7 cells [START_REF] Mccollister | Repression of SPI2 transcription by nitric oxide-producing, IFNγ-activated macrophages promotes maturation of Salmonella phagosomes[END_REF]. Reactive nitrogen species furthermore modify a specific cysteine in the SPI2 activator protein SsrB [START_REF] Husain | Redox sensor SsrB Cys203 enhances Salmonella fitness against nitric oxide generated in the host immune response to oral infection[END_REF]. Thus, in part, host NO could mediate the ability of INP0010 to block intracellular SPI2 expression and hence the intracellular replication of S. Typhimurium. Indeed, INP0010 enhanced rather than suppressed intracellular replication in MDCK cells, which did not produce detectable amounts of NO.

In contrast to INP0010, omeprazole blocked iNOS induction in LPS-and S.

Typhimurium-stimulated cells. When omeprazole and INP0010 were combined, an antagonistic effect on the compound-associated inhibition of bacterial intracellular growth in RAW264.7 cells was noted. Conceptually, this could relate to the ability of omeprazole to block expression of iNOS and NO. However, this is probably not the only cause of antagonism between the compounds. In MDCK cells, omeprazole 

Typhimurium.

Caenorhabditis elegans is a widely used animal model for probing host-pathogen interactions, including eukaryotic signalling and signalling related to innate immunity [START_REF] Irazoqui | Evolution of host innate defence: insights from Caenorhabditis elegans and primitive invertebrates[END_REF][START_REF] Waterfield | Invertebrates as a source of emerging human pathogens[END_REF]. This, and the fact that S. Typhimurium is pathogenic for C. elegans [START_REF] Tenor | Caenorhabditis elegansbased screen identifies Salmonella virulence factors required for conserved hostpathogen interactions[END_REF], 
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 23 -mail address: Mikael.Rhen@ki.se (M. Rhen).A c c e p t e d M a n u s c r i p tThe virulence-associated Salmonella pathogenicity island 2 (SPI2) type III secretion system supports intracellular replication of Salmonella enterica serovar Typhimurium in macrophage-like RAW264.7 cells. In contrast, the salicylidene acylhydrazide INP0010 and the benzimidazole omeprazole prevent virulence factor-mediated replication of S. Typhimurium in these cells. Here we show that INP0010 enhances expression of inducible nitric oxide synthase (iNOS), nitric oxide (NO) production, the oxidative burst and tumour necrosis factor-alpha (TNFα) release in infected RAW264.7 cells. INP0010 also inhibited SPI2 activity in RAW264.7 cells. The ability of INP0010 to suppress bacterial intracellular replication correlated with NO production. The iNOS inhibitor N-monomethyl-L-arginine restored SPI2 activity and antagonised the bacteriostatic effect of INP0010. Omeprazole, which inhibited iNOS expression in RAW264.7 cells, likewise antagonised INP0010. In infected epithelioid MDCK cells that did not express NO upon infection, INP0010 enhanced bacterial intracellular replication. In Caenorhabditis elegans, INP0010 significantly attenuated the virulence of S. Typhimurium. In this infection model, the attenuating effect of INP0010 was further enhanced by omeprazole. These results demonstrate that chemically unrelated virulence inhibitors may act in an antagonistic or additive manner, that their effect depends on the infection model applied, and that the attenuating effects of INP0010 in part relate to its ability to promote the SPI2 antagonist NO.

  deficient in phagocyte oxidase activity show increased susceptibility to extraintestinal infection caused by non-typhoidal serovars of S.

  A c c e p t e d M a n u s c r i p t 11 2.9. Nematode infection assays Salmonella Typhimurium 14028 was grown overnight in LB broth at 37 °C. The overnight bacterial culture was re-suspended in S Basal liquid assay media and 800 μL of the bacterial suspension was aliquoted into each well of a 48-well flat-bottomed plate. Drug treatment was administered in triplicate to each well as follows: 200 μM omeprazole; 40 μM INP0010; or a combination of 40 μM omeprazole and 200 μM INP0010. Twenty L4-staged worms were added to each well and were incubated at 23 °C for 24 h and examined with a microscope for their infection phenotype.

A

  c c e p t e d M a n u s c r i p t 13 omeprazole tended to pose an antagonistic effect with regard to both INP0010mediated enhancement and suppression of intracellular bacterial growth.

  Monocytic and epithelial cells intrinsically differ in their repertoires of innate responses to microbes. The fact that INP0010 and omeprazole only inhibited intracellular replication in the macrophage-like cell line RAW264.7 prompted us to analyse to what extent the compounds affected innate responses of RAW264.7 cells. We initiated this by comparing to what extent INP0010 and omeprazole affected iNOS expression, NO production, TNFα secretion and expression of ROS in RAW264.7 cells.

  prompted us to investigate to what extent INP0010 affected intracellular replication through NO.

A c c e p t e d M a n u s c r i p t 15 When

 15 using the competitive iNOS inhibitor NMMA at 2.5 mM, the antioxidant and NO

A

  c c e p t e d M a n u s c r i p t 17 us to evaluate whether we could apply INP0010 or omeprazole to increase the survival of C. elegans exposed to S. Typhimurium.

Furthermore, 2 -

 2 imino-5-arylidene thiazolidinone blocks T2SS-associated pathogenicity of Pseudomonas aeruginosa in a plant leaf infection model [10], whereas the salicylidene acylhydrazides INP0007 and INP0403 block S.

  mediated inflammatory responses in a bovine intestinal ligated loop model of infection[START_REF] Hudson | Inhibition of type III secretion in Salmonella enterica serovar Typhimurium by small-molecule inhibitors[END_REF].

A c c e p t e d M a n u s c r i p t 19 In

 19 this communication, we provide evidence for another dimension of virulence inhibitor activity for salicylidene acylhydrazides. This relates to effects of the compound on mediators of the host innate immune responses. We demonstrate that the salicylidene acylhydrazide INP0010 enhances expression of iNOS and NO in RAW264.7 cells infected with S. Typhimurium. This effect did not depend on intact bacteria, as INP0010 likewise enhanced NO responses in LPS-stimulated cells. The iNOS inhibitor NMMA in turn abrogated INP0010-mediated inhibition of bacterial intracellular replication. In parallel, NMMA tended to restore SPI2 expression in infected INP0010-treated RAW264.7 cells.

A

  c c e p t e d M a n u s c r i p t 20 antagonised the INP0010-mediated enhancement of intracellular replication of S.

28 Fig. 1 .

 281 Fig. 1. Effects of INP0010 and omeprazole (Omep), alone or in combination, on the
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 2 Fig. 2. INP0010 at 40 μM and omeprazole (Omep) at 200 μM differentially affected
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 3 Fig. 3. Production of reactive oxygen species (ROS) in Salmonella enterica serovar

A

  c c e p t e d M a n u s c r i p t 29 cell-permeable probe 2',7'-dichlorofluorescin diacetate (H 2 DCF-DA). The numbers on the bars represent the increase (in percentage) in the number of fluorescent cells in the infected compound-treated cells (blue) compared with the infected untreated control cells (red). Omep, omeprazole.
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 4 Fig. 4. Ascorbic acid at 1 mM and N-monomethyl-L-arginine (NMMA) at 2.5 mM

Fig. 5 .

 5 Fig. 5. Influence of INP0010 and omeprazole (Omep) on the intracellular localisation
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