Type IV pili as a therapeutic target
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In the age of antibiotic resistance, strategies targeting virulence traits of 7 bacteria are the focus of intense study. Two such studies came out 8 independently a week apart showing that bacterial type IV pili are a promising 9 therapeutic target. 10 11 Keywords: antibiotic resistance, anti-virulence, type IV pili, sepsis, meningitis 12 13

Anti-virulence as a solution to antibiotic resistance? 14

Antibiotic resistance has been recognized as a major problem for many years and is 15 now frequently encountered in clinical settings. have evolved a number of surface-localized complex nanomachines to interact with 34 their host, which broadly fall into two classes: secretion and piliation systems [START_REF] Steadman | Bacterial surface appendages as targets for novel antibacterial 137 therapeutics[END_REF].

35

Release of proteins as well as other types of molecules through secretion systems 36 into the extracellular milieu and/or directly into host cells allows pathogens to 37 modulate their environment to their benefit. Several inhibitors of type III and type IV 38 secretion systems have been identified [START_REF] Steadman | Bacterial surface appendages as targets for novel antibacterial 137 therapeutics[END_REF]. Piliation systems that allow bacteria to 39 interact with each other, to adhere to and move on cellular surfaces have also been 40

targeted. Pilicides are a typical example of such inhibitors that affect the biogenesis 41 of the chaperone-usher class of pili by blocking the function of chaperones necessary 42 for the insertion of subunit components into the pilus fiber [START_REF] Svensson | Design and evaluation of pilicides: potential novel antibacterial 139 agents directed against uropathogenic Escherichia coli[END_REF].

44

Type IV pili are essential virulence factors in numerous human pathogens 45

Despite their broad distribution, inhibitors of type IV pili had not been identified until 46 two recent studies [START_REF] Aubey | Inhibitors of the Neisseria meningitidis PilF ATPase provoke type 141 IV pilus disassembly[END_REF][START_REF] Denis | Targeting Type IV pili as an antivirulence strategy against invasive 143 meningococcal disease[END_REF]. These adhesive filamentous structures (Figure 1) have the 47 unique property to be highly dynamic by undergoing repeated and rapid cycles of 48 extension and retraction [START_REF] Craig | Type IV pili: dynamics, biophysics and functional consequences[END_REF]. Type IV pili a priori constitute a target of choice as they 49 are necessary for the infectious process of a long list of human pathogens. For 50 G. Duménil 2 instance, the key role of type IV pili is well documented in Vibrio cholerae during gut 51 colonization in an infant mice model as well as in humans [START_REF] Herrington | Toxin, toxin-coregulated pili, and the toxR regulon are 147 essential for Vibrio cholerae pathogenesis in humans[END_REF][START_REF] Taylor | Use of phoA gene fusions to identify a pilus colonization factor 149 coordinately regulated with cholera toxin[END_REF]. In a subcutaneous 52 route of infection with Francisella tularensis, the agent of tularemia, infection doses 53 required to cause a lethal infection with non-piliated mutants is 10 5 fold greater than 54 the wild type strain [START_REF] Forslund | Direct repeat-mediated deletion of a type IV pilin gene results 151 in major virulence attenuation of Francisella tularensis[END_REF]. In a xenograft-based animal model of infection with Neisseria 55 meningitis, type IV pili are essential for vascular colonization and disease 56 progression [START_REF] Melican | Adhesion of Neisseria meningitidis to dermal vessels leads to 153 local vascular damage and purpura in a humanized mouse model[END_REF]. In the closely related bacterium Neisseria gonorrhoeae piliation is 57 required for infection of human male volunteers [START_REF] Kellogg | Neisseria gonorrhoeae. II. Colonial variation and 156 pathogenicity during 35 months in vitro[END_REF]. 

]. In one case the authors fortuitously observed that certain members of the 65 phenothiazine family of molecules including trifluoroperazine and thioridazine induce 66 the disassembly of type IV pili (Figure 1). In the second study by Aubey et al. [START_REF] Svensson | Design and evaluation of pilicides: potential novel antibacterial 139 agents directed against uropathogenic Escherichia coli[END_REF], 67 compounds such as P4MP4 (1-[(piperidin-4-yl)methyl]piperidin-4-ol, called compound 68 B in the publication) were identified by a phenotypic screen on the ability of N. 69 meningitidis to adhere to endothelial cells. In both cases treatment of bacteria with 70 the drugs leads to the decrease in the number of pili at the bacterial surface. The 71 effect of both compounds is strikingly rapid, taking place within a few minutes and 72 reflects the unusually rapid dynamics of type IV pili which undergo cycles of 73 extension and retraction within minutes. Accordingly, a pilT mutant that fails to retract 74 its pili is resistant to all these new compounds. The exquisite dynamics of type IV pili 75 that confers to the bacteria motility on surfaces, liquid-like aggregate formation and 76 competence turns out to also be its Achilles' heel [START_REF] Craig | Type IV pili: dynamics, biophysics and functional consequences[END_REF]. 77 78

Mechanism of action of the type IV pili disrupting drugs 79 P4MP4 targets the PilF ATPase. Pilin subunits of type IV pili are stored in the inner 80 membrane and can then be captured by the assembly complex composed of about 81 15 proteins leading to its incorporation into the helical pilus fiber. The PilF ATPase 82 provides the energy required for the assembly of pili. P4MP4 does not, however, 83 inhibit the PilT retraction ATPase thus locking the system in a retraction-only mode 84 eventually leading to a bacterium without pili. The drug thus affects the delicate 85 balance between extension and retraction of the pili without affecting bacterial 86 viability. Future structural studies will reveal where the compound is binding on PilF 87 and how this prevents the function of this complex hexameric enzyme.

88

The phenothiazine derivatives function in a different way, at least initially. They affect 89 the function of the Na + -pumping NADH:quinone oxidoreductase (Na + -NQR) [START_REF] Juarez | Insights into the mechanism of electron transfer and 158 sodium translocation of the Na(+)-pumping NADH:quinone oxidoreductase[END_REF].

90
Because trifluoroperazine is partially toxic to bacteria at concentrations triggering 91 type IV pili disassembly, Denis et al. [START_REF] Aubey | Inhibitors of the Neisseria meningitidis PilF ATPase provoke type 141 IV pilus disassembly[END_REF] elegantly identified this transporter by 92 selecting mutants that survive this treatment. Bacterial toxicity and pilus disassembly 93 are thus tied together in this case although the authors provide ample evidence that 94 antibiotics mediated bacterial killing is not sufficient to trigger pilus retraction and 95 block pilus-mediated phenotypes. The reaction catalyzed by Na + -NQR is similar to 96 the one carried out by the H + -pumping NADH:quinone oxidoreductase from the 97 respiration complex I found in mitochondria for instance. In both cases, these 98 enzymes participate in the generation of the electrochemical gradient that is essential 99 to subsequently drive ATP synthesis. These two respiratory enzymes are not 100 
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 1 Figure 1. New drugs lead to type IV pili disassembly in several pathogenic bacteria 133 References: 134 1. Totsika, M. (2017) Disarming pathogens: benefits and challenges of antimicrobials that 135 target bacterial virulence instead of growth and viability. Future Med Chem 9 (3), 267-269. 136
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	30	Disease-causing bacteria have a number of properties that allow them to colonize
	31	specific niches in the host, cross barriers in tissues and avoid the immune system.
	32	Such properties are made possible by the expression of a diverse set of virulence
	33	factors. Of particular interest from the therapeutic point of view, bacterial pathogens

Available efficient and broad-16 spectrum antibiotics are increasingly limited in number. Industrial attempts to develop 17 new molecules are thwarted by the time and effort needed and also precisely 18 because of their limited use due to the rapid emergence of resistance. Endeavors 19 coming from academic laboratories to fully describe molecular mechanisms of 20 infection provide valuable leads towards the development of innovative therapies. In 21 addition, therapies designed to block virulence rather than killing bacteria may slow 22 down the emergence of resistance [1]. Virulence-related strategies likely impose less 23 selective pressure on bacterial communities by affecting only a limited number of 24 species and by restricting survival of bacteria only in specific environments. Given 25 the increasing realization of the importance of commensal bacteria, treatment that 26 preserves these bacterial communities should be favored. 27 28 Bacterial