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The chronic lung infection caused by Pseudomonas aeruginosa is a major cause of morbidity and mortality in cystic fibrosis (CF) patients. Antivirulence drugs targeting P. aeruginosa quorum sensing (QS) systems are intensively studied as antibiotics substitutes or adjuvants. Previous studies, carried out in non-CF P. aeruginosa reference strains, showed that the old drugs niclosamide and clofoctol could be successfully repurposed as antivirulence drugs targeting the las and pqs QS systems, respectively. However, frequent emergence of QS-defective mutants in the CF lung undermines the use of QS inhibitors in CF therapy. Here, QS signal production and susceptibility to niclosamide and clofoctol have been investigated in 100 P. aeruginosa CF isolates, with the aim of broadening current knowledge on the potential of anti-QS compounds in CF therapy. Results showed that 85, 78, and 69% of the CF isolates from our collection were proficient for the pqs, rhl, and las QS systems, respectively. The ability of both niclosamide and clofoctol to inhibit QS and virulence in vitro was highly variable and strain-dependent. Niclosamide showed an overall low range of activity and its negative effect on las signal production did not correlate with a decreased production of virulence factors. On the other hand, clofoctol displayed a broader QS inhibitory effect in CF isolates, with consequent reduction of the pqs-controlled virulence factor pyocyanin. Overall, this study highlights the importance of testing new antivirulence drugs against large panels of P. aeruginosa CF clinical isolates before proceeding to further pre-clinical studies and corroborates previous evidence that strains naturally resistant to QS inhibitors occur among CF isolates. However, it is also shown that resistance to pqs inhibitors is less frequent than resistance to las inhibitors, thus supporting the development of pqs inhibitors for antivirulence therapy in CF.
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INTRODUCTION

The opportunistic human pathogen Pseudomonas aeruginosa can cause a variety of different acute and chronic infections that are hard to eradicate due to the ability of this bacterium to form biofilms, resist to available antibiotics, and acquire new resistance genes via horizontal gene transfer (Malhotra et al., 2019). P. aeruginosa is indeed included into the ESKAPE group of pathogens for which new antimicrobials are urgently needed (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, Enterobacter spp.) (Rice, 2008; Boucher et al., 2009).

The research for new drugs to combat P. aeruginosa infections is a very active field where traditional antibiotic development comes together with novel strategies, including the development of antivirulence agents to be used alone or in combination with antibiotics. By targeting virulence determinants, antivirulence drugs disarm pathogens making them more vulnerable to the host immune system attack. In addition, since antivirulence drugs target non-essential functions; it is generally believed that they should impose a lower selective pressure for the emergence of resistance, compared with antibiotics (Dickey et al., 2017; Ellermann and Sperandio, 2020).

In P. aeruginosa, virulence genes expression is largely dependent on three quorum sensing (QS) systems. The las and rhl systems are based on N-3-oxododecanoyl-L-homoserine lactone (3OC12-HSL) and N-butanoyl-homoserine lactone (C4-HSL) as signal molecules, respectively, while the pqs system relies on signal molecules belonging to the 2-alkyl-4-quinolones (AQs) class, i.e., 2-heptyl-4-quinolone (HHQ) and 2-heptyl-3-hydroxy-4-quinolone (PQS) (Williams and Càmara, 2009; Papenfort and Bassler, 2016). In the P. aeruginosa reference strains PAO1 or PA14 the las system is hierarchically dominant over the rhl and pqs systems. When 3OC12-HSL levels reach the quorum concentration, this molecule binds to the LasR signal receptor, which in turn activates the transcription of the cognate signal synthase gene lasI, causing a further increase in signal production. This autoinduction process is common to most QS systems, ensuring QS response robustness. Besides lasI, the LasR-3OC12-HSL complex induces the transcription of many genes, including those involved in the synthesis and reception of C4-HSL and AQs. Also in this case, the signal receptors RhlR and PqsR, upon activation by the cognate signal molecules C4-HSL and AQs, trigger the autoinduction process and promote the expression of additional target genes. Overall, the three QS systems of P. aeruginosa control hundreds of genes, including virulence and biofilm genes (Williams and Càmara, 2009; Papenfort and Bassler, 2016). Since P. aeruginosa mutants inactivated in each one of the three QS systems are significantly attenuated in animal and plant infection models, these systems are considered as good targets for the development of antivirulence drugs (Rampioni et al., 2014; Ellermann and Sperandio, 2020).

By combining target-oriented screening and drug-repurposing approaches, our research group has previously identified anti-QS secondary activities against P. aeruginosa in drugs already approved for use in humans (Imperi et al., 2013, 2019; D’Angelo et al., 2018; Mellini et al., 2019; Baldelli et al., 2020). Among these drugs, niclosamide and clofoctol are the most interesting ones due to their high anti-QS activity and low cytotoxicity (Imperi et al., 2013; Costabile et al., 2015; Rampioni et al., 2017a; D’Angelo et al., 2018).

The salicylanilide compound niclosamide has been developed for the treatment of tapeworm infections. Its primary mechanism of action is largely unknown, though it apparently involves uncoupling oxidative phosphorylation in adult tapeworms (Pearson and Hewlett, 1985). As an antivirulence drug, niclosamide targets the 3OC12-HSL signaling process by a still uncharacterized mechanism. In the reference strain P. aeruginosa PA14, niclosamide decreases the production of 3OC12-HSL and of QS-dependent virulence factors, such as pyocyanin and elastase, with consequent attenuation of virulence in the Galleria mellonella infection model (Imperi et al., 2013).

Clofoctol is a synthetic antibiotic active against numerous Gram-positive bacteria. With a few exceptions (e.g., Haemophilus influenzae, Bordetella spp., Neisseria meningitidis, and Neisseria gonorrhoeae), clofoctol does not inhibit the growth of Gram-negative bacteria, including P. aeruginosa (Simonnet et al., 1979; Buogo, 1981, 1984). The mechanism of action of clofoctol is not yet fully elucidated, though it seems to be related to ATP synthesis inhibition, resulting in disruption of anabolic processes (Yablonsky, 1983; Bailly and Vergoten, 2021). As an antivirulence drug, clofoctol acts as a competitive inhibitor of the AQs signal receptor PqsR. Clofoctol-mediated PqsR inhibition leads to decreased production of AQs and hence of AQs-dependent virulence factors, with consequent attenuation of P. aeruginosa infectivity in G. mellonella (D’Angelo et al., 2018). Notably, both niclosamide and clofoctol disclose anti-biofilm activity (Imperi et al., 2013; D’Angelo et al., 2018).

A clinical context in which P. aeruginosa infections are very relevant is cystic fibrosis (CF), a genetic disease affecting about 70,000 people worldwide. About three-quarters of CF adults are chronically infected with P. aeruginosa (Malhotra et al., 2019). After the first isolation of P. aeruginosa in the lungs, usually during the pediatric age, a period of intermittent colonization of the airways begins, followed by the onset of a chronic infection. Early aggressive antibiotic therapies delay the onset of the chronic infection increasing life expectancy. However, once established, the chronic infection can be kept under control but cannot be eradicated by antibiotics, thus persisting in the CF patient lungs even for decades, causing inflammation and progressive loss of pulmonary function (Folkesson et al., 2012; Malhotra et al., 2019; Rossi et al., 2021). As a consequence of the patient-specific and years-long evolution within the lung, P. aeruginosa strains isolated from CF patients disclose genotypic and phenotypic variability (Rossi et al., 2021). Common phenotypes of P. aeruginosa strains from CF patients are biofilm overproduction, increased resistance to antibiotics, reduced motility and loss or attenuation of other virulence-related traits (Folkesson et al., 2012; Marvig et al., 2015; Winstanley et al., 2016).

Some phenotypes frequent in CF strains are accompanied by mutations in the lasR gene, coding for the signal receptor of the las QS system (Smith et al., 2006; Hoffman et al., 2009; Feltner et al., 2016). In fact, genomic studies identified a high frequency of mutations in the lasR gene in strains isolated from CF patients with chronic infection for more than a decade (Smith et al., 2006; Bjarnsholt et al., 2010). Strains impaired in the rhl or pqs system have also been isolated from CF patients, even if with lower frequency with respect to las-deficient strains (Bjarnsholt et al., 2010; Jiricny et al., 2014). For this reason, the importance of QS in CF chronic infection and the therapeutic potential of anti-QS drugs are still under debate (García-Contreras et al., 2015; García-Contreras, 2016). In this context, it should be emphasized that the vast majority of the anti-QS compounds identified have most often been tested only against few non-CF reference strains of P. aeruginosa, commonly shared by many laboratories worldwide (e.g., PAO1 or PA14) or, at best, against a limited number of CF strains (García-Contreras et al., 2015; D’Angelo et al., 2018; Baldelli et al., 2020; Mahan et al., 2020).

On this basis, the objective of this study was to investigate the suitability of antivirulence drugs targeting the las or the pqs QS system for the treatment of CF patients infected with P. aeruginosa. For this purpose, 100 isolates from CF patients with intermittent or chronic lung infection were preliminarily characterized for their ability to produce QS signal molecules. To investigate if the activity disclosed by an anti-QS drug against a reference strain (non-CF) could be conserved against CF isolates, niclosamide and clofoctol were used as model compounds active against the las or pqs QS system, respectively.

Overall, our results show that resistance to anti-las and anti-pqs drugs naturally occurs in CF isolates, although less frequently for the latter drug. Our findings highlight the importance of testing new antivirulence drugs in large collections of strains at the early stages of their discovery, and support the development of anti-QS drugs targeting the pqs system for future applications in CF therapy.



MATERIALS AND METHODS


Bacterial Strains, Media, and Chemicals

The bacterial strains and clinical isolates used in this study are listed in Supplementary Tables 1, 2, respectively. The strains were routinely grown at 37°C with aeration in Luria-Bertani broth (LB) supplemented, when required, with 3-(N-morpholino)propane sulfonic acid (MOPS; pH 7.0) at the final concentration of 50 mM. Synthetic 3OC12-HSL was prepared at the concentration of 10 mM in ethyl acetate acidified with 0.1% (v/v) acetic acid, while synthetic PQS stock solution was prepared at the concentration of 20 mM in methanol. Synthetic QS signal molecules were kindly provided by Proff. Paul Williams and Miguel Camara (Centre for Molecular Sciences, University of Nottingham, United Kingdom). Niclosamide and clofoctol were purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide (DMSO) at 10 and 80 mM final concentration, respectively.



Detection and Quantification of Quorum Sensing Signal Molecules

Levels of 3OC12-HSL and AQ signal molecules were determined in culture supernatants of P. aeruginosa laboratory strains using the PA14-R3 (3OC12-Rep) and PAO1ΔpqsA PpqsA:lux (AQ-Rep) reporter strains (Supplementary Table 1), respectively, according to previously described procedures (Massai et al., 2011; D’Angelo et al., 2018). Briefly, bacterial cultures were grown in 96-well microtiter plates at 37°C with shaking. Supernatants were collected at the end of the exponential growth phase for 3OC12-HSL quantification or at the stationary phase for AQ quantification. Ten-μL of cell-free culture supernatants were added to 190 μL of LB MOPS inoculated with the 3OC12-Rep biosensor (final OD600 = 0.045) or 5 μL of cell-free culture supernatant were added to 195 μL of LB inoculated with the AQ-Rep biosensor (final OD600 = 0.1) in 96-wells black clear-bottom microtiter plates. Microtiter plates were incubated at 37°C with gentle shaking (120 rpm). The optical density at 600 nm wavelength (OD600) and relative light units (RLU) values were measured after 4-h or 6-h incubation for 3OC12-HSL or AQ measurements, respectively, by using an automated luminometer-spectrophotometer plate reader (TECAN Spark10M). Dedicated calibration curves were generated by growing each reporter strain in the presence of increasing concentrations of synthetic 3OC12-HSL or PQS. The resulting dose-response curves were used to calculate the concentration of each signal molecule in culture supernatants.

The C4-Rep biosensor (Supplementary Table 1) was used to detect the C4-HSL production in co-culture with P. aeruginosa CF strains, as previously described (Imperi et al., 2013). The C4-Rep reporter and each CF isolates were independently grown overnight at 37°C and co-inoculated in LB MOPS to an OD600 of 0.045 and 0.015, respectively. Aliquots (200 μL) of the co-culture were grown at 37°C in 96-wells black clear-bottom microtiter plates. The OD600 and RLU values were measured at the beginning of the stationary phase of growth by using an automated luminometer-spectrophotometer plate reader (TECAN Spark10M). The reporter activity was determined as the RLU/OD600 for each sample. Light emission of the PAO1/C4-Rep co-culture was used as positive control. A PAO1-derivative double mutant ΔlasIΔrhlI, unable to produce 3OC12-HSL or C4-HSL, was used as a negative control (C4-HSL non-producer strain; Supplementary Table 1).



Pyocyanin Production and Elastase Activity Assays

Pyocyanin was extracted and quantified as previously described (Essar et al., 1990) with minor modifications (Baldelli et al., 2020). Briefly, each CF isolate was incubated in 96-well microtiter plates at 37°C with gentle shaking (120 rpm) in 200 μL of LB broth supplemented with the antivirulence drug (20 μM niclosamide or 100 μM clofoctol) or DMSO (untreated control). After incubation, two independent cultures of the same strain were pooled, the OD600 was measured, and cell-free supernatants were collected into 1.5 mL tubes. After extraction with an isovolume of chloroform, the pyocyanin-containing chloroform phase was transferred into clean 1.5 mL tubes and acidified with an isovolume of 0.2 N HCl. After centrifugation, 200 μL of the aqueous-phase were transferred into 96-wells microtiter plates, and the amount of extracted pyocyanin was measured at an absorbance of 520 nm (A520) by using an automated plate reader (TECAN Spark10M).

Elastase activity was determined as reported in Ohman et al. (1980) with a few adjustments. Briefly, each CF isolate was incubated in 96-well microtiter plates for 24 h at 37°C with gentle shaking (120 rpm) in 200 μL of LB broth supplemented with 50 mM MOPS and the antivirulence drug (20 μM niclosamide) or DMSO (untreated control). After the incubation time, two independent cultures of the same isolate were pooled, the OD600 was measured and 40 μL of cell-free supernatants were added into 1.5 mL tubes containing the elastin-Congo red reaction buffer. Finally, the elastolytic activity was measured at A495 by using an automated plate reader (TECAN Spark10M).

The average measurements and relative standard deviations (SD) were calculated from at least three independent experiments.



Statistical Analysis

Statistical analysis was performed by using the software GraphPad Prism (v. 6.01). The data distributions departed from a normal distribution therefore differences were statistically tested using the non-parametric Kolmogorov-Smirnov test (KS-test). The correlation among the parameters were statistically tested using the Pearson correlation. The p-values less than 0.05 were considered statistically significant.




RESULTS


Production of Quorum Sensing Signal Molecules by Pseudomonas aeruginosa Isolates From Cystic Fibrosis Patients

The P. aeruginosa isolates tested in this study were isolated from the airways CF patients for up to 15 years from the establishment of the first pulmonary infection, and previously characterized for their antibiotic susceptibility profile (Imperi et al., 2019). In this study, the collection (100 isolates) has been grouped as follow: 40 isolates from the first documented infection (First isolate, F); 25 isolates from patients infected for 2–3 years (chronic Early, E); 25 isolates from patients infected for 4–7 years (chronic Middle, M); 10 isolates from patients infected for more than 15 years (chronic Late, L) (Supplementary Table 2). In addition, according to the European Centre for Disease Control (ECDC) criteria, the collection contains: 48 isolates susceptible to all antibiotics (Susceptible, S); 32 isolates not susceptible to antibiotics belonging to one or two different classes (Resistant, R); 20 isolates not susceptible to one or more antibiotics belonging to at least 3 different classes (Multi-Drug Resistant, MDR) (Supplementary Table 2).

The distribution of functional las and pqs QS systems in the collection was investigated by measuring the levels of 3OC12-HSL and AQs in the cell-free supernatants of each CF isolate, grown under standard laboratory conditions. Briefly, cell-free supernatants were used to induce bioluminescence emission by biosensors specific for 3OC12-HSL or AQs, and the concentration of signal molecule in each sample was determined by using calibration curves obtained with synthetic 3OC12-HSL or AQs (details in Materials and Methods). 3OC12-HSL and AQs levels ranged from undetectable to about 15 and 50 μM, respectively, while their concentration was ca. 3 and 15 μM, respectively, in the PAO1 reference strain (Supplementary Figure 1).

Both the percentage of 3OC12-HSL-proficient isolates (Figure 1A) and the level of 3OC12-HSL produced by these isolates (Figure 1B) showed an inverse correlation trend with respect to the duration of chronic lung infection. Accordingly, both the percentage of 3OC12-HSL-proficient isolates and 3OC12-HSL levels were higher in S and R groups with respect to the MDR group (Figures 1C,D), and the latter were more abundant among middle and late CF isolates (Supplementary Table 2). These results are in overall accordance with the existing literature (Hoffman et al., 2009; Bjarnsholt et al., 2010; Jiricny et al., 2014; Feltner et al., 2016; Winstanley et al., 2016). Conversely, both the percentage of AQs proficient isolates and the level of AQs produced by these isolates did not correlate with the stage of infection or the antibiotic resistance profile (Figure 2).
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FIGURE 1. Production of 3OC12-HSL by CF isolates. Percentage of QS signal molecule-producing isolates grouped by duration of the chronic lung infection (A) or by antibiotic susceptibility pattern (C). 3OC12-HSL levels produced by CF isolates grouped by the duration of the chronic lung infection (B) or by the antibiotic susceptibility pattern (D). Horizontal lines are the median value. Asterisks denote statistically significant differences between groups (*p < 0.05; **p < 0.01; KS-test). F, first isolate; E, chronic early; M, chronic middle; L, chronic late; S, susceptible to all antibiotic classes; R, non-susceptible to one or two classes of antibiotics; MDR, multi-drug resistant, non-susceptible to at least three classes of antibiotics. Each dot/square/triangle represents the average of three independent experiments for each CF isolate.
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FIGURE 2. Production of AQs by CF isolates. Percentage of QS signal molecule-producing isolates grouped by duration of the chronic lung infection (A) or by antibiotic susceptibility pattern (C). AQs levels produced by CF isolates grouped by duration of the chronic lung infection (B) or antibiotic susceptibility pattern (D). Horizontal lines are the median value. Differences between groups are statistically not significant. F, first isolate; E, chronic early; M, chronic middle; L, chronic late; S, susceptible to all antibiotic classes; R, non-susceptible to one or two classes of antibiotics; MDR, multi-drug resistant, non-susceptible to at least three classes of antibiotics. Each dot/square/triangle represents the average of three independent experiments for each CF isolate.


As mentioned in the introduction, in P. aeruginosa reference strains (e.g., PAO1 or PA14) the las system positively regulates the pqs system, hence 3OC12-HSL levels correlate with AQs levels (Lee and Zhang, 2015; Papenfort and Bassler, 2016). However, the statistical analysis performed on the 63 CF isolates able to produce both 3OC12-HSL and AQs did not highlight a significant correlation between 3OC12-HSL and AQs levels produced by each isolate, suggesting a possible rewiring of the QS regulatory cascade in several CF isolates (Supplementary Figure 2).

In order to obtain comprehensive overview of all major QS signal molecules produced by the CF isolates, the ability to produce C4-HSL was also assessed. To this aim, a bioluminescent biosensor specific for C4-HSL (C4-Rep) was employed in co-cultivation with each CF isolate. Compared to the cell-free supernatants quantitative method used for measuring 3OC12-HSL and AQs levels, co-cultivation is more convenient for discriminating between C4-HSL producers and non-producers (details in section “Materials and Methods”). The PAO1 mutant ΔlasI ΔrhlI, unable to produce AHLs, was used as reference control. Briefly, we measured bioluminescence emission in 14 biological replicates of the PAO1 ΔlasIΔrhlI and C4-Rep co-culture. The mean of these data was 1819 ± 701.9 RLU/OD600. According to the three-sigma rule (Pukelsheim, 1994), all CF isolates showing RLU/OD600 < 3924.7 were considered not significantly different from PAO1 ΔlasIΔrhlI, hence unable to produce C4-HSL (Supplementary Figure 3).

Results showed that 78 CF isolates produced detectable levels of C4-HSL (Supplementary Table 2), and that the number of C4-HSL producers was inversely correlated with the duration of chronic lung infection and the antibiotic resistance profile (Supplementary Figure 4). Also these results are in accordance with the existing literature (Bjarnsholt et al., 2010).

The overall picture of QS signals production in our collection is that 85 CF isolates produce AQs, 78 isolates produce C4-HSL and 69 isolates produce 3OC12-HSL. Of these, 57 isolates produce all signal molecules, 23 isolates produce only two of the three signals (C4-HSL and AQs, 11 isolates; 3OC12-HSL and C4-HSL, 6 isolates; 3OC12-HSL and AQs, 6 isolates) and 15 isolates produce only one signal (C4-HSL, 4 isolates; AQs, 11 isolates). Interestingly, isolates producing exclusively 3OC12-HSL were not found in the collection (Figure 3 and Supplementary Table 3).
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FIGURE 3. Overview of QS signal molecules produced by CF isolates. Venn diagram showing the CF isolates producing the indicated QS signal molecules.


In conclusion, only 5% of the CF isolates analyzed in this study is impaired in the production of all QS signal molecules, highlighting the importance of at least one QS regulatory pathway in the infection. In addition, pqs-proficient CF isolates resulted more frequent than las- and rhl-proficient isolates, and their frequency did not decrease with the progression of the chronic CF infection.



Effect of Clofoctol and Niclosamide

To investigate to which extent the anti-QS activity formerly documented in reference laboratory strains is conserved in CF isolates, niclosamide and clofoctol were tested as model drugs targeting the las and pqs QS systems, respectively. Preliminary experiments carried out with a small number of strains showed that 100 μM niclosamide affected the growth of some CF isolates. However, 20 μM niclosamide and 100 μM clofoctol did not affect the grow rate and growth yield of CF isolates and both caused 50% reduction of 3OC12-HSL and AQs production, in PAO1 reference strain (Figure 4). Hence, 20 μM niclosamide and 100 μM clofoctol were used to challenge the CF isolates able to produce 3OC12-HSL or AQs, respectively.
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FIGURE 4. Effect of niclosamide and clofoctol on QS signal molecules produced by CF isolates. Residual levels of 3OC12-HSL (A) or AQs (B) produced by CF isolates grown in the presence of niclosamide or clofoctol, respectively. Residual levels are reported as percentage relative to the untreated samples, considered as 100%. Each dot represents a CF isolate. Triangles represent the laboratory strain PAO1. Horizontal lines are the median value. The average of three independent experiments is reported. The 3OC12-HSL and AQs residual levels after niclosamide (white dots) and clofoctol (black dots) treatment are also shown in panel (C) reporting their cumulative distribution plot. Continuous lines intercept 3OC12-HSL or AQs median residual levels; dashed lines intercept the percentage of the CF isolates showing a residual level ≤ the residual level in PAO1. Average values obtained from three independent experiments are reported.


Figure 4 shows the levels of 3OC12-HSL or AQs produced by each isolate after treatment with either niclosamide or clofoctol, expressed as residual levels, i.e., the percentage with respect to the levels of signal molecule produced by the corresponding untreated control. The response of CF isolates to niclosamide treatment ranged from unaffected (100% residual level) to about 20% residual level (Figure 4A). In the case of clofoctol, AQs residual levels ranged from unaffected to total inhibition of AQs production (i.e., undetectable AQs levels in the treated sample) (Figure 4B). Overall, 50% of the isolates treated with niclosamide or clofoctol produced ≤ 85% and ≤ 70% residual levels of signal molecule, respectively. In addition, only 16 and 30% of the CF isolates showed a reduction of the QS-signal levels comparable or lower than that observed for the PAO1 reference strain after treatment with niclosamide or clofoctol, respectively (Figure 4C). Overall, both niclosamide and clofoctol were significantly less effective on CF isolates than on the PAO1 reference strain.

Interestingly, the correlation between 3OC12-HSL or AQs levels produced by the untreated sample and the respective residual levels after niclosamide or clofoctol treatment was definitively weak (r < 0.1) and statistically insignificant (Supplementary Figures 5A,B). Moreover, by considering CF isolates that produced both 3OC12-HSL and AQs, statistical analysis showed that there was no correlation between 3OC12-HSL and AQs residual levels after the treatment with niclosamide and clofoctol, respectively (Supplementary Figure 5C). This is in line with the suggestion that the pqs system is unlinked from the las system in the majority of the CF isolates of the collection.

Pyocyanin is a major P. aeruginosa virulence factor in CF infection (Denning et al., 1998), whose production is positively regulated by both the las and the pqs systems in reference strains such as PAO1 or PA14 (Jimenez et al., 2012; García-Reyes et al., 2020). Accordingly, both niclosamide (20 μM) and clofoctol (100 μM) decreased pyocyanin production of about 50% in the PAO1 strain (Figures 5A,B). To evaluate if niclosamide and clofoctol antivirulence activity against PAO1 was maintained in CF isolates, their effect on pyocyanin production was determined.
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FIGURE 5. Effect of niclosamide and clofoctol on pyocyanin production and correlation with QS signal levels. Residual levels of pyocyanin in CF isolates grown in presence of niclosamide (A) or clofoctol (B), reported as percentage with respect to the relative untreated samples. Each diamond represents an isolate. Triangles represent the laboratory strain PAO1. Black lines represent the median values. (C) XY correlation between pyocyanin residual levels and 3OC12-HSL residual levels (%) after niclosamide treatment. Each dot represents a CF isolate producing both pyocyanin and 3OC12-HSL (n = 42), Pearson correlation test: r = 0.19; p = 0.2. (D) XY correlation between pyocyanin residual levels and AQ residual levels (%) after clofoctol treatment. Pearson correlation test: r = 0.26; p < 0.05. Each dot represents a CF isolate producing both pyocyanin and AQs (n = 56). Each dot/diamond/triangle represents the average of three independent experiments for each CF isolate.


Preliminary analysis showed that 42 out of the 69 3OC12-HSL-proficient isolates and 56 out of the 85 AQs-proficient isolates produced detectable levels of pyocyanin. The analysis of the effect of niclosamide in the 42 las- and pyocyanin-proficient isolates showed that pyocyanin production was unaffected or only marginally affected by niclosamide in the majority of isolates, with residual pyocyanin levels ≤ 70% observed only for two CF isolates (Figure 5A). Conversely, pyocyanin residual levels in the 56 pqs- and pyocyanin-proficient CF isolates treated with clofoctol ranged from unaffected (100% residual level) to about 5%, with pyocyanin residual levels ≤ 70% in about half of the isolates (Figure 5B). In addition, no significant correlation between 3OC12-HSL and pyocyanin reduction was observed (Figure 5C), while a weak (r = 0.26) but statistically significant (p-value = 0.04) correlation between AQs and pyocyanin residual levels was found (Figure 5D).

The residual levels of 3OC12-HSL, AQs or pyocyanin after niclosamide or clofoctol treatment did not appear to be related to the stage of infection (Supplementary Figures 6A,C,E,F), and no correlation was observed between the response to niclosamide and the antibiotic resistance profile (Supplementary Figures 6B,D). However, it can be noticed that the effect of clofoctol on both AQs and pyocyanin production was more significant in CF isolates belonging to the MDR group, compared with isolates belonging to the S group (Figure 6).
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FIGURE 6. Effect of clofoctol in CF isolates grouped by antibiotic resistance pattern. AQs (A) and pyocyanin (B) residual levels in CF isolates grown in presence of clofoctol, reported as percentage with respect to the untreated samples considered as 100%. Isolates are clustered by antibiotic susceptibility pattern. S, susceptible to all antibiotic classes; R, non-susceptible to one or two classes of antibiotics; MDR, multi-drug resistant, non-susceptible to at least three classes of antibiotics. Black lines represent the median values. Statistically significant differences among groups are highlighted by asterisks (*p < 0.05; **p < 0.01; KS-test). Each dot/square/triangle represents the average value of three independent experiments for each CF isolate.


The overall scarce effect of niclosamide on pyocyanin production could be explained by a las-independent regulation of pyocyanin biosynthetic genes in at least some CF strains. To gain more insights into the antivirulence activity of niclosamide, the effect of this drug was tested on the protease elastase, a P. aeruginosa virulence factor strictly controlled by the las QS system (Gambello and Iglewski, 1991) and strongly inhibited by niclosamide in the P. aeruginosa reference strain PA14 (Imperi et al., 2013). Accordingly, niclosamide inhibited elastase production (about 60% residual levels) in the reference strain PAO1 under our experimental conditions (Supplementary Figure 7). Hence, the effect of niclosamide on elastase production was tested in the 3OC12-HSL-producing CF isolates. Preliminary experiments showed that 63 over the 69 3OC12-HSL-producing isolates were endowed with detectable elastolytic activity under standard laboratory conditions. However, niclosamide treatment scarcely affected elastase production in the tested CF isolates, with none isolate showing more than 30% reduction of elastase activity after treatment (Supplementary Figure 7).

Taken together, the above results provide evidence that the ability of niclosamide and clofoctol to inhibit the production of QS signal molecules and QS-controlled virulence factors is highly variable and strain-dependent, and suggest that anti-pqs drugs might be more effective as antivirulence agents than anti-las drugs in CF therapy.




DISCUSSION

Dozens of molecules targeting the P. aeruginosa QS systems and causing a reduction of virulence factors production (e.g., pyocyanin, proteases) in vitro have been described, and some of these have been proven to be active in animal models of infection with non-CF P. aeruginosa reference strains (e.g., PAO1 or PA14; Rampioni et al., 2014; Soukarieh et al., 2018a). Nevertheless, the frequent isolation of CF isolates with mutations in the lasR gene (Smith et al., 2006; Hoffman et al., 2009; Folkesson et al., 2012; Feltner et al., 2016; Winstanley et al., 2016), causing inactivation of the las QS system, has been considered a caveat for the development of QS inhibitors in CF therapy (García-Contreras et al., 2013). Beyond mutations in the QS system targeted by the antivirulence drug, a CF isolate could be more resistant to an antivirulence drug than a reference strain for several reasons, including overexpression of efflux pumps or modifications of the cell envelope reducing drug internalization (Maeda et al., 2012; García-Contreras et al., 2013). On these assumptions, this study has investigated QS functionality and susceptibility to anti-QS drugs in a large collection of CF isolates, with the objective of investigating the suitability of QS inhibitors for CF therapy.

Concerning the distribution of isolates able to produce QS signal molecules in our collection, the vast majority (95%) of them produced at least one signal, and 57% all the three P. aeruginosa QS signals (Supplementary Table 3). Interestingly, 5 isolates defective in all QS systems were almost equally distributed among the sub-groups defined by stage of infection (Supplementary Tables 2, 3). These results support the importance of QS in P. aeruginosa infection, though they also suggest that a limited number of isolates could be able to sustain an intermittent or chronic infection even if defective in all QS systems. Deeper investigations should be conducted to analyze the specific virulence phenotypes of these QS-null isolates.

The las signal molecule 3OC12-HSL was the QS signal produced by the lowest number of CF isolates (69% proficient isolates), compared with C4-HSL (78% proficient isolates) and AQs (85% proficient isolates), likely denoting a hierarchy of QS systems utility in the CF chronic infection. Indeed, no isolate produced exclusively 3OC12-HSL, while 4 and 11 isolates of our collection produced only C4-HSL and AQs, respectively. In addition, the first isolate group contains about 20% of las-defective strains, suggesting that loss-of-function mutations in the las QS system can emerge early during infection, and not only occur following long-term adaptation to the chronic CF lung. This is in line with a recent study reporting similar percentages of environmental P. aeruginosa strains unable to produce 3OC12-HSL (Groleau et al., 2021). Both the levels of 3OC12-HSL and the percentage of 3OC12-HSL-proficient strains decrease in MDR with respect to R and S isolates, and a similar descending trend is observed along the years of chronic lung infection. Hence, even if las defective strains coming from the environment can establish early infections, a trend toward the selection of las-defective and MDR strains during the infection is recognizable.

Overall, with respect to the ability to produce las and rhl QS signal molecules, the CF isolates here investigated have features already reported by others, indicating that the collection used in this study faithfully represents the P. aeruginosa strains landscape in CF (Bjarnsholt et al., 2010; Jiricny et al., 2014; Feltner et al., 2016; Winstanley et al., 2016).

Functionality of the pqs system in CF isolates has been poorly investigated so far. Here it is shown that 85% of CF isolates produce AQs, hence the pqs system appears to be the most functionally conserved QS circuit in P. aeruginosa CF isolates. Interestingly, the percentage of pqs-proficient isolates and the level of AQs they produce do not vary based on the stage of the infection and on the antibiotic resistance pattern of the CF isolates. This suggests that pqs mutations are not positively selected along the years of infection and raises the possibility that anti-pqs drugs could be used at any stage of the CF infection.

Our findings also suggest that the hierarchically dominant role of the las system over the rhl system, typically reported in PAO1 and PA14 model strains, can be lost in CF isolates, as previously documented in clinical and environmental isolates (Feltner et al., 2016; Chen et al., 2019; Cruz et al., 2020; Groleau et al., 2021). Moreover, since no correlation was observed between 3OC12-HSL and AQs levels in our CF isolates, it can be hypothesized that also the pqs system is independent of the las system, at least in our experimental setting. This is an interesting issue that could be further explored in future studies.

Until now, very few studies showed the effect of QS inhibitors on CF clinical isolates (Rampioni et al., 2017b; D’Angelo et al., 2018; Baldelli et al., 2020; Mahan et al., 2020; Papa et al., 2021; Soukarieh et al., 2021), and only in one study the antivirulence activity of a drug targeting the las QS system, furanone C-30, was tested in a collection of fifty CF isolates, revealing highly variable response and high frequency of resistance to the QS inhibitor in CF isolates (García-Contreras et al., 2015), in overall accordance with this study.

The ability of niclosamide to reduce 3OC12-HSL levels in the las-proficient CF isolates was variable, with few isolates showing substantial reduction of this signal molecule. In addition, the 31 isolates unable to produce 3OC12-HSL should virtually be considered resistant to any inhibitor targeting the las QS system. Therefore, the overall range of efficacy of niclosamide against CF isolates appears very low. Moreover, in the isolates showing reduced 3OC12-HSL production in response to niclosamide treatment, a correlation with elastase or pyocyanin reduction was not observed. This is in agreement with the las-independent production of virulence factors reported in CF isolates by others (García-Contreras et al., 2015; Feltner et al., 2016; Chen et al., 2019; Cruz et al., 2020; Groleau et al., 2021).

Concerning clofoctol, about 50% of the 85 AQs-producing isolates showed substantial reduction of AQs (≤ 70% of residual activity) when treated with this drug. AQs residual levels in clofoctol-treated isolates were evenly variable, with several isolates showing susceptibility equal or higher than the reference strain PAO1. Similar results were reported in our previous study using a small subset of CF strains (n = 20) belonging to the present collection (D’Angelo et al., 2018). In addition, a weak but statistically significant correlation between the reduction of AQs and pyocyanin levels was observed upon clofoctol treatment, suggesting that inhibition of the pqs QS system has a positive effect in attenuating the production of virulence factors. Overall, only 15% of CF isolates were pqs-deficient, and the majority of pqs-proficient isolates were found to be susceptible, to various extent, to clofoctol treatment.

Since in this study different concentrations of niclosamide and clofoctol were used, and their pharmacology profoundly differs, the range and extent of activity of these two drugs cannot be directly compared. However, the results obtained with clofoctol are interesting when considering that for many CF patients the therapeutic choices for controlling P. aeruginosa chronic infection could be limited by the multidrug-resistant profile of the infecting strains. In this view, it is worth highlighting that MDR strains are significantly more susceptible to clofoctol than strains sensitive to all antibiotic classes (S) or resistant to one or two different antibiotic classes (R). Interestingly, the few resistance mechanisms described so far for anti-QS drugs consist mainly in increased activity of efflux pumps, the same mechanism that often confers MDR resistance (Maeda et al., 2012; García-Contreras et al., 2013, 2015; García-Contreras, 2016). Since MDR CF strains are more susceptible to clofoctol than S and R strains, clofoctol insensitivity could be mostly mediated by mechanisms different from active efflux of the drug. The clofoctol insensitive CF strains identified in this study could be exploited in the future to investigate the mechanism of resistance to this QS drug.

Overall, this study indicates that, among P. aeruginosa QS systems, the pqs system should be considered the best target to develop antivirulence drugs for CF therapy. The importance of the pqs QS system in P. aeruginosa CF infection is also supported by studies showing that AQs levels in the CF sputum correlate with the clinical status of the patient (Barr et al., 2015), and that AQs are suitable biomarkers for culture-independent prediction of P. aeruginosa burden in CF adult patients (Zain et al., 2021). Nevertheless, since the las QS system is hierarchically dominant over the rhl and pqs system in P. aeruginosa reference strains, the research of QS inhibitors has been targeted mainly toward this system (Rampioni et al., 2014; Soukarieh et al., 2018a). However, several studies reported the identification of molecules targeting the pqs system, including: metilantranilate (Calfee et al., 2001); farnesol (Cugini et al., 2007); halogenated anthranilic acid (Lesic et al., 2007); quinazolidine derivatives (Ilangovan et al., 2013; Soukarieh et al., 2018b,2021); benzamide-benzimidazole (Starkey et al., 2014; Maura and Rahme, 2017); pimozide (Mellini et al., 2019); nitrofurazone and erythromycin estolate (Baldelli et al., 2020); 2-sufonylpyrimidines (Thomann et al., 2016a,b). Compared with these anti-pqs drugs, clofoctol has the advantage of being already used in humans for the treatment of pulmonary infections, hence the delivery of this drug to the CF clinical setting should in principle be more straightforward.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

DC, GG, AF, and EF performed the experiments. LL, GR, FI, and PV designed the experiments. CM performed the statistical analysis. EF provided the clinical isolates. LL conceived the study. LL, DC, and GG wrote the manuscript. LL, PV, and FI contributed to the reagents and materials. All authors analyzed the data, corrected and amended the draft of the manuscript and approved the submitted version.



FUNDING

This work was supported by the Italian Ministry of Education, University and Research (MIUR) with the following grants: Excellence Departments (art. 1, commi 314–337 Legge 232/2016) to the Department of Science, Roma Tre University; PRIN 2017 (Prot. 20177J5Y3P) to PV and FI; PRIN 2020 to FI (Prot. 20208LLXEJ), and to LL (Prot. 202089LLEH) and Italian Cystic Fibrosis Research Foundation (FFC#17/2018) to LL and by Regione Lazio (“Gruppi di Ricerca 2020,” POR A0375E0026) to FI.



ACKNOWLEDGMENTS

We thank Proff. Paul Williams and Miguel Camara (Centre for Molecular Sciences, University of Nottingham, United Kingdom) for providing synthetic QS signal molecules.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.845231/full#supplementary-material



REFERENCES

Bailly, C., and Vergoten, G. (2021). A new horizon for the old antibacterial drug clofoctol. Drug Discov. Today 26, 1302–1310. doi: 10.1016/j.drudis.2021.02.004

Baldelli, V., D’Angelo, F., Pavoncello, V., Fiscarelli, E. V., Visca, P., Rampioni, G., et al. (2020). Identification of FDA-approved antivirulence drugs targeting the Pseudomonas aeruginosa quorum sensing effector protein PqsE. Virulence 11, 652–668. doi: 10.1080/21505594-2020.1770508

Barr, H. L., Halliday, N., Cámara, M., Barrett, D. A., Williams, P., Forrester, D. L., et al. (2015). Pseudomonas aeruginosa quorum sensing molecules correlate with clinical status in cystic fibrosis. Eur. Respir. J. 46, 1046–1054. doi: 10.1183/09031936.00225214

Bjarnsholt, T., Jensen, P. Ø., Jakobsen, T. H., Phipps, R., Nielsen, A. K., Rybtke, M. T., et al. (2010). Quorum sensing and virulence of Pseudomonas aeruginosa during lung infection of cystic fibrosis patients. PLoS One 5:e010115. doi: 10.1371/journal.pone.0010115

Boucher, H. W., Talbot, G. H., Bradley, J. S., Edwards, J. E., Gilbert, D., Rice, L. B., et al. (2009). Bad bugs, no drugs: no ESKAPE! An update from the infectious diseases society of America. Clin. Infect. Dis. 48, 1–12. doi: 10.1086/595011

Buogo, A. (1981). Saggi di attività antibatterica “in vitro” del clofoctol e note di farmaco-cinetica [Trials of the in vitro antibacterial activity of clofoctol and pharmacokinetic features]. G. Ital. Chemioter. 28, 65–71.

Buogo, A. (1984). New information on the antibacterial activity of clofoctol. Drugs Exp. Clin. Res. 10, 321–324.

Calfee, M. W., Coleman, J. P., and Pesci, E. C. (2001). Interference with Pseudomonas quinolone signal synthesis inhibits virulence factor expression by Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U.S.A. 98, 11633–11637. doi: 10.1073/pnas.201328498

Chen, R., Déziel, E., Groleau, M. C., Schaefer, A. L., and Greenberg, E. P. (2019). Social cheating in a Pseudomonas aeruginosa quorum-sensing variant. Proc. Natl. Acad. Sci. U.S.A. 116, 7021–7026. doi: 10.1073/pnas.1819801116

Costabile, G., D’Angelo, I., Rampioni, G., Bondì, R., Pompili, B., Ascenzioni, F., et al. (2015). Toward repositioning niclosamide for antivirulence therapy of Pseudomonas aeruginosa lung infections: development of inhalable formulations through nanosuspension technology. Mol. Pharm. 12, 2604–2617. doi: 10.1021/acs.molpharmaceut.5b00098

Cruz, R. L., Asfahl, K. L., Van den Bossche, S., Coenye, T., Crabbé, A., and Dandekar, A. A. (2020). RhlR-regulated acyl-homoserine lactone quorum sensing in a cystic fibrosis isolate of Pseudomonas aeruginosa. mBio 11:e00532–20. doi: 10.1128/mBio.00532-20

Cugini, C., Calfee, M. W., Farrow, J. M. III, Morales, D. K., Pesci, E. C., and Hogan, D. A. (2007). Farnesol, a common sesquiterpene, inhibits PQS production in Pseudomonas aeruginosa. Mol. Microbiol. 65, 896–906. doi: 10.111/j.1365-2958.2007.05840.x

D’Angelo, F., Baldelli, V., Halliday, N., Pantalone, P., Polticelli, F., Fiscarelli, E., et al. (2018). Identification of FDA-approved drugs as antivirulence agents targeting the pqs quorum-sensing system of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 62:e01296–18. doi: 10.1128/AAC.01296-18

Denning, G. M., Wollenweber, L. A., Railsback, M. A., Cox, C. D., Stoll, L. L., and Britigan, B. E. (1998). Pseudomonas pyocyanin increases interleukin-8 expression by human airway epithelial cells. Infect. Immun. 66, 5777–5784. doi: 10.1128/IAI.66.12.5777-5784.1998

Dickey, S., Cheung, G., and Otto, M. (2017). Different drugs for bad bugs: antivirulence strategies in the age of antibiotic resistance. Nat. Rev. Drug Discov. 16, 457–471. doi: 10.1039/nrd.2017.23

Ellermann, M., and Sperandio, V. (2020). Bacterial signaling as an antimicrobial target. Curr. Opin. Microbiol. 57, 78–86. doi: 10.1016/j.mib.202.08.001

Essar, D. W., Eberly, L., Hadero, A., and Crawford, I. P. (1990). Identification and characterization of genes for a second anthranilate synthase in Pseudomonas aeruginosa: interchangeability of the two anthranilate synthases and evolutionary implications. J. Bacteriol. 172, 884–900. doi: 10.1128/jb.172.2.884-900.1990

Feltner, J. B., Wolter, D. J., Pope, C. E., Groleau, M. C., Smalley, N. E., Greenberg, E. P., et al. (2016). LasR variant cystic fibrosis isolates reveal an adaptable quorum-sensing hierarchy in Pseudomonas aeruginosa. mBio 7:e01513–16. doi: 10.1128/mBio.01513-16

Folkesson, A., Jelsbak, L., Yang, L., Johansen, H. K., Ciofu, O., Hoiby, N., et al. (2012). Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway: an evolutionary perspective. Nat. Rev. Microbiol. 10, 841–851. doi: 10.1038/nrmicro2907

Gambello, M. J., and Iglewski, B. H. (1991). Cloning and characterization of the Pseudomonas aeruginosa lasR gene, a transcriptional activator of elastase expression. J. Bacteriol. 17, 3000–3009. doi: 10.1128/jb.173.9.3000-3009.1991

García-Contreras, R. (2016). Is quorum sensing interference a viable alternative to treat Pseudomonas aeruginosa infections? Front. Microbiol. 7:1454. doi: 10.3389/fmicb.2016.01454

García-Contreras, R., Martínez-Vázquez, M., Guadarrama, N. V., Pañeda, A. G. V., Hashimoto, T., Maeda, T., et al. (2013). Resistance to the quorum-quenching compounds brominated furanone C-30 and 5-fluorouracil in Pseudomonas aeruginosa clinical isolates. Pathog. Dis. 68, 8–11. doi: 10.1128/AEM.02378-13

García-Contreras, R., Peréz-Eretza, B., Jasso-Chávez, R., Lira-Silva, E., Roldán-Sánchez, J. A., González-Valdez, A., et al. (2015). High variability in quorum quenching and growth inhibition by furanone C-30 in Pseudomonas aeruginosa clinical isolates from cystic fibrosis patients. Pathog. Dis. 73:ftv040. doi: 10.1093/femspd/ftv040

García-Reyes, S., Soberón-Chávez, G., and Cocotl-Yanez, M. (2020). The third quorum-sensing system of Pseudomonas aeruginosa: Pseudomonas quinolone signal and the enigmatic PqsE protein. J. Med. Microbiol. 69, 25–34. doi: 10.1099/jmm.0.001116

Groleau, M. C., Taillefer, H., Vincent, A. T., Constant, P., and Déziel, E. (2021). Pseudomonas aeruginosa isolates defective in function of the LasR quorum sensing regulator are frequent in diverse environmental niches. Environ. Microbiol. [Epub ahead of print]. doi: 10.1111/1462-2920.15745

Hoffman, L. R., Kulasekara, H. D., Emerson, J., Houston, L. S., Burns, J. L., Ramsey, B. W., et al. (2009). Pseudomonas aeruginosa lasR mutants are associated with cystic fibrosis lung disease progression. J. Cyst. Fibros. 8, 66–70. doi: 10.1016/j.jcf.2008.09.006

Ilangovan, A., Fletcher, M., Rampioni, G., Pustelny, C., Rumbaugh, K., Heeb, S., et al. (2013). Structural basis for native agonist and synthetic inhibitor recognition by the Pseudomonas aeruginosa quorum sensing regulator PqsR (MvfR). PLoS Pathog. 9:e1003508. doi: 10.1371/journal.ppat.1003508

Imperi, F., Fiscarelli, E. V., Visaggio, D., Leoni, L., and Visca, P. (2019). Activity and impact on resistance development of two antivirulence fluoropyrimidine drugs in Pseudomonas aeruginosa. Front. Cell. Infect. Microbiol. 9:49. doi: 10.3389/fcimb.2019.00049

Imperi, F., Massai, F., Pillai, C. R., Longo, F., Zennaro, E., Rampioni, G., et al. (2013). New life for an old drug: the anthelmintic drug niclosamide inhibits Pseudomonas aeruginosa quorum sensing. Antimicrob. Agents Chemother. 57, 996–1005. doi: 10.1128/AAC.01952-12

Jimenez, P. N., Koch, G., Thompson, J. A., Xavier, K. B., Cool, R. H., and Quax, W. J. (2012). The multiple signaling systems regulating virulence in Pseudomonas aeruginosa. Microbiol. Mol. Biol. Rev. 76, 46–65. doi: 10.1128/mmbr.05007-11

Jiricny, N., Molin, S., Foster, K., Diggle, S. P., Scanlan, P. D., Ghoul, M., et al. (2014). Loss of social behaviours in populations of Pseudomonas aeruginosa infecting lungs of patients with cystic fibrosis. PLoS One 9:e83124. doi: 10.1371/journal.pone.0083124

Lee, J., and Zhang, L. (2015). The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein Cell 6, 26–41. doi: 10.1007/s13238-014-0100-x.9

Lesic, B., Lépine, F., Déziel, E., Zhang, J., Zhang, Q., Padfield, K., et al. (2007). Inhibitors of pathogen intercellular signals as selective anti-infective compounds. PLoS Pathog. 3:e126. doi: 10.1371/journal.ppat.0030126

Maeda, T., García-Contreras, R., Pu, M., Sheng, L., Garcia, L. R., Tomás, M., et al. (2012). Quorum quenching quandary: resistance to antivirulence compounds. ISME J. 6, 493–501. doi: 10.1038/ismej.2011.122

Mahan, K., Martinmaki, R., Larus, I., Sikdar, R., Dunitz, J., and Elias, M. (2020). Effects of signal disruption depends on the substrate preference of the lactonase. Front. Microbiol. 10:3003. doi: 10.3389/fmicb.2019.03003

Malhotra, S., Hayes, D., and Wozniak, D. J. (2019). Cystic fibrosis and Pseudomonas aeruginosa: the host-microbe interface. Clin. Microbiol. Rev. 32:e00138–18. doi: 10.1128/CMR.00138-18

Marvig, R. L., Sommer, L. M., Molin, S., and Johansen, H. K. (2015). Convergent evolution and adaptation of Pseudomonas aeruginosa within patients with cystic fibrosis. Nat. Genet. 47, 57–64. doi: 10.1038/ng.3148

Massai, F., Imperi, F., Quattrucci, S., Zennaro, E., Visca, P., and Leoni, L. (2011). A multitask biosensor for micro-volumetric detection of N-3-oxo-dodecanoyl-homoserine lactone quorum sensing signal. Biosens. Bioelectron. 26, 3444–3449. doi: 10.1016/j.bios.2011.01.022

Maura, D., and Rahme, L. G. (2017). Pharmacological inhibition of the Pseudomonas aeruginosa MvfR quorum-sensing system interferes with biofilm formation and potentiates antibiotic-mediated biofilm disruption. Antimicrob. Agents Chemother. 61:e01362–17. doi: 10.1128/AAC.01362-17

Mellini, M., Di Muzio, E., D’Angelo, F., Baldelli, V., Ferrillo, S., Visca, P., et al. (2019). In silico selection and experimental validation of FDA-approved drugs as anti-quorum sensing agents. Front. Microbiol. 10:2355. doi: 10.3389/fmicb.2019.02355

Ohman, D. E., Burns, R. P., and Iglewski, B. H. (1980). Corneal infections in mice with toxin A and elastase mutants of Pseudomonas aeruginosa. J. Infect. Dis. 142, 547–555. doi: 10.1093/infdis/142.4.547

Papa, R., Vrenna, G., D’Angelo, C., Casillo, A., Relucenti, M., Donfrancesco, O., et al. (2021). Anti-virulence activity of the cell-free supernatant of the Antarctic bacterium Psychrobacter sp. TAE2020 against Pseudomonas aeruginosa clinical isolates from cystic fibrosis patients. Antibiotics 10:944. doi: 10.3390/antibiotics10080944

Papenfort, K., and Bassler, B. L. (2016). Quorum sensing signal-response systems in Gram-negative bacteria. Nat. Rev. Microbiol. 14, 576–588. doi: 10.1038/nrmicro.2016.89

Pearson, R. D., and Hewlett, E. L. (1985). Niclosamide therapy for tapeworm infections. Ann. Intern. Med. 102, 550–551. doi: 10.7326/003-4819-102-4-550

Pukelsheim, F. (1994). The Three Sigma rule. Am. Stat. 48, 88–91. doi: 10.2307/2684253

Rampioni, G., Leoni, L., and Williams, P. (2014). The art of antibacterial warfare: deception through interference with quorum sensing-mediated communication. Bioorg. Chem. 55, 60–68. doi: 10.1016/j.bioorg.2014.04.005

Rampioni, G., Visca, P., Leoni, L., and Imperi, F. (2017a). Drug repurposing for antivirulence therapy against opportunistic bacterial pathogens. Emerg. Top. Life Sci. 1, 13–22. doi: 10.1042/ETLS20160018

Rampioni, G., Pillai, C. R., Longo, F., Bondì, R., Baldelli, V., Messina, M., et al. (2017b). Effect of efflux pump inhibition on Pseudomonas aeruginosa transcriptome and virulence. Sci. Rep. 7:11392. doi: 10.1038/s41598-017-11892-9

Rice, L. B. (2008). Federal funding for the study of antimicrobial resistance in nosocomial pathogens: no ESKAPE. J. Infect. Dis. 197, 1079–1081. doi: 10.1086/533452

Rossi, E., La Rosa, R., Bartell, J. A., Marvig, R. L., Haagensen, J. A. J., Sommer, L. M., et al. (2021). Pseudomonas aeruginosa adaptation and evolution in patients with cystic fibrosis. Nat. Rev. Microbiol. 19, 331–342. doi: 10.1038/s41579-020-00477-5

Simonnet, F., Simonnet, G., and Combe, J. (1979). Action of clofoctol on Gram positive bacteria. J. Pharmacol. 10, 303–314.

Smith, E. E., Buckley, D. G., Wu, Z., Saenphimmachak, C., Hoffman, L. R., D’Argenio, D. A., et al. (2006). Genetic adaptation by Pseudomonas aeruginosa to the airways of cystic fibrosis patients. Proc. Natl. Acad. Sci. U.S.A. 103, 8487–8492. doi: 10.1073/pnas.0602138103

Soukarieh, F., Mashabi, A., Richardson, W., Oton, E. V., Romero, M., Roberston, S. N., et al. (2021). Design and evaluation of new quinazolin-4(3 H)-one derived PqsR antagonists as quorum sensing quenchers in Pseudomonas aeruginosa. ACS Infect. Dis. 7, 2666–2685. doi: 10.1021/acsinfecdis.1c00175

Soukarieh, F., Williams, P., Stocks, M. J., and Cámara, M. (2018a). Pseudomonas aeruginosa quorum sensing systems as drug discovery targets: current position and future perspectives. J. Med. Chem. 61, 10385–10402. doi: 10.1021/acs.jmedchem.8b00540

Soukarieh, F., Vico Oton, E., Dubern, J. F., Gomes, J., Halliday, N., De Pilar Crespo, M., et al. (2018b). In silico and in vitro-guided identification of inhibitors of alkylquinolone-dependent quorum sensing in Pseudomonas aeruginosa. Molecules 23:257. doi: 10.3390/molecules23020257

Starkey, M., Lepine, F., Maura, D., Bandyopadhaya, A., Lesic, B., He, J., et al. (2014). Identification of anti-virulence compounds that disrupt quorum-sensing regulated acute and persistent pathogenicity. PLoS Pathog. 10:e1004321. doi: 10.1371/journal.ppat.1004321

Thomann, A., De Mello Martins, A. G., Brengel, C., Empting, M., and Hartmann, R. W. (2016a). Application of dual inhibition concept within looped autoregulatory systems toward antivirulence agents against Pseudomonas aeruginosa infections. ACS Chem. Biol. 11, 1279–1286. doi: 10.1021/acschembio.6b00117

Thomann, A., Brengel, C., Börger, C., Kail, D., Steinbach, A., Empting, M., et al. (2016b). Structure-activity relationships of 2-sufonylpyrimidines as quorum-sensing inhibitors to tackle biofilm formation and eDNA release of Pseudomonas aeruginosa. ChemMedChem 11, 2522–2533. doi: 10.1002/cmdc.201600419

Williams, P., and Càmara, M. (2009). Quorum sensing and environmental adaptation in Pseudomonas aeruginosa: a tale of regulatory networks and multifunctional signal molecules. Curr. Opin. Microbiol. 12, 182–191. doi: 10.1016/j.mib.2009.01.005

Winstanley, C., O’Brien, S., and Brockhurst, M. A. (2016). Pseudomonas aeruginosa evolutionary adaptation and diversification in cystic fibrosis chronic lung infections. Trends Microbiol. 24, 327–337. doi: 10.1016/j.tim.2016.01.008

Yablonsky, F. (1983). Alteration of membrane permeability in Bacillus subtilis by clofoctol. J. Gen. Microbiol. 129, 1089–1095. doi: 10.1099/00221287-129-4-1089

Zain, N. M. M., Webb, K., Stewart, I., Halliday, N., Barrett, D. A., Nash, E. F., et al. (2021). 2-Alkyl-4-quinolone quorum sensing molecules are biomarkers for culture-independent Pseudomonas aeruginosa burden in adults with cystic fibrosis. J. Med. Microbiol. 70:001420. doi: 10.1099/jmm.0.001420


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Collalto, Giallonardi, Fortuna, Meneghini, Fiscarelli, Visca, Imperi, Rampioni and Leoni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		In vitro Activity of Antivirulence Drugs Targeting the las or pqs Quorum Sensing Against Cystic Fibrosis Pseudomonas aeruginosa Isolates



		INTRODUCTION



		MATERIALS AND METHODS



		Bacterial Strains, Media, and Chemicals



		Detection and Quantification of Quorum Sensing Signal Molecules



		Pyocyanin Production and Elastase Activity Assays



		Statistical Analysis







		RESULTS



		Production of Quorum Sensing Signal Molecules by Pseudomonas aeruginosa Isolates From Cystic Fibrosis Patients



		Effect of Clofoctol and Niclosamide







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

In vitro Activity of Antivirulence
Drugs Targeting the las or pgs
Quorum Sensing Against Cystic
Fibrosis Pseudomonas
aeruginosa lsolates









OPS/images/fmicb-13-845231-g002.jpg
>

AQs producers (%)

AQs producers (%)

100

o0
o
!

o
o

1N
o

N
o
!

100

(0]
o

(@)
o
|

NN
o
\

N
o

MDR

AQs (uM)

)

AQs (UM

60
]
40 AA
® v
L N "
®
:..o nuf AAA:A“ )
20 =" a g A —
0%%2¢ 'fi..‘“ Ve
o %e “n o vy
o0
o0 Aa Vy
QO eeeee  EEENEE  AAAA ¥V
F E M L
60 -
|
40 - o n
s . 4
o® utn
‘oo:. e A Al
20 - A0 n" Ak
00y _o0® II'E.""--ilI Tt
. .° . AA
28 . A,A
O eceeseeee = mEE A AA
S R MDR





OPS/images/fmicb-13-845231-g003.jpg
sJeonpoldd ISH-¢*D0¢

AQs producers

sJ1eonpoud ISH-"D





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Microbiology





OPS/images/fmicb-13-845231-g001.jpg
e
> = g
bPp (-
-
.mu.n_
4
o
0
oo nnm_n_nnwm w
* o =
0
OOOOOW
000 oo&om ebet. AT
§ol$
| | | | |
S 2 2 w o
(M) ISH-“"00¢
||
=
L
w
[ | | I I |
o o o o o o
m (0] (o] < N

(%) s1eonpoud 1SH-*'D0¢

(@]

O

4,
<] e
A&A
E
0O
]
O
oo
. - o oo
0O g
Q)
O 0
000 OMOOW
© © © g 00080
S oo
o Po
(8]
| | | |
Q L - o) =)
(AM) ISH-"00¢
| | | | I
o o o o o o
m 00 ({0 < N

(%) s1eonpoud 1SH-°'D0¢

MDR

MDR





OPS/images/fmicb-13-845231-g006.jpg
AQs residual (%)

100 .1;53?. L AA
top® L J ‘A‘
80| _Segyet . A
C A A
: . a A
60 S. - P ~
40 * A
o 00 " A
20 - * "ngat A
- A
0 I | ili
S R MDR

Pyocyanin residual (%)

**

100 - .l.sll. "
%%, "
80 I —.—.—%.-.— ] u A
':'. an
60 - Ay an A L4
"
»
40 - * & A
- |
-
20 -
* mE A
0 I | |

R MDR





OPS/images/fmicb-13-845231-g004.jpg
>

30C,,-HSL residual (%)

AQs residual (%)

()

Cumulative strain fraction

100_ OOOOOOO 0000000
Q 00
2”2?2{0}2"?9
80- - °
ooooogg
00
60- 0000
Oog;g
40- 6=
o
(]
20 -
0
100 — ...v.:...?..
Cag o goe®
“%%e*
80 - Y
" L ]
60 Soog soe?
~
40— : »
..s..~..
20 ®eget?
o
0 *®
100 -
80 - o
60 - /
&
40 - ﬁ
______________ & —_'_: @
20 - / | el
| I ¥
O @ﬂf@o
0 o O l | , |
0 40 60 80 100

Residual (%)





OPS/images/fmicb-13-845231-g005.jpg
>

Pyocyanin residual (%)

(@

30C,,-HSL residual (%)

100 -

80

60

40

20

100

80

60

40

20~

o
o
©o
o
0 a G OGN

r=0.19
p=02

1 | 1 I

1
20 40 60 80 100
Pyocyanin residual (%)

B
100 - oto‘::tt
=3 M T
< 80- Co3ssee
® +
E e
‘w60 e oe?*
9 -
= o
c 404 :*
> -
o .
g 204 .
0’:‘
0
D
100 - ¥ * . YT ’...
* o ®e # o
80~ - ° “ o,
= s *® ® o0
= * *
CDU 60 * 9 ® -»
O
S 40- * *
< 20+ e -
=026
p =004
| | | | |
0 20 40 60 80 100

Pyocyanin residual (%)





