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Persons with cystic fibrosis (CF) frequently suffer from Pseudomonas aeruginosa and Aspergillus fumigatus co-infections. There is evidence that co-infections with these interacting pathogens cause airway inflammation and aggravate deterioration of lung function. We recently showed that P. aeruginosa laboratory isolates synergistically interact with the anti-fungal azole voriconazole (VCZ), inhibiting biofilm metabolism of several A. fumigatus laboratory strains. Interaction was usually mediated via pyoverdine, but also via pyocyanin or pyochelin. Here we used planktonic filtrates of 7 mucoid and 9 non-mucoid P. aeruginosa isolates from CF patients, as well as 8 isolates without CF origin, and found that all of these isolates interacted with VCZ synergistically at their IC50 as well as higher dilutions. CF mucoid isolates showed the weakest interactive effects. Four non-mucoid P. aeruginosa CF isolates produced no or very low levels of pyoverdine and did not reach an IC50 against forming A. fumigatus biofilm; interaction with VCZ still was synergistic. A VCZ-resistant A. fumigatus strain showed the same level of susceptibility for P. aeruginosa anti-fungal activity as a VCZ-susceptible reference strain. Filtrates of most Pseudomonas isolates were able to increase anti-fungal activity of VCZ on a susceptible A. fumigatus strain. This was also possible for the VCZ-resistant strain. In summary these data show that clinical P. aeruginosa isolates, at varying degrees, synergistically interact with VCZ, and that pyoverdine is not the only molecule responsible. These data also strengthen the idea that during co-infections of A. fumigatus and P. aeruginosa lower concentrations of VCZ might be sufficient to control fungal growth.
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Introduction

Co-infections with bacteria and fungi can worsen the course of infection, e.g., in persons suffering from cystic fibrosis (CF). Among such co-infections, combinations of Aspergillus fumigatus with Pseudomonas aeruginosa, members of the Burkholderia cepacia complex, respiratory syncytial virus, and influenza virus are prominent and have severe impact on lung function (King et al., 2016; O'Brien and Fothergill, 2017). A. fumigatus and P. aeruginosa co-infections trigger more severe outcomes than each mono-infection (Amin et al., 2010; Reece et al., 2017). To control such infections multiple drugs are used, e.g., targeted therapy to correct CFTR (cystic fibrosis transmembrane conductance regulator) deficiency in persons with CF and eliminate mucus accumulation as the basis for severe infections, or drugs targeting individual pathogens. To treat A. fumigatus infections, different azoles, e.g., voriconazole (VCZ), itraconazole, or posaconazole are used (Chishimba et al., 2012; Hogan and Denning, 2011). Occasionally, Aspergillus develops resistance against azoles, mainly based on mutations in cyp51A gene (Arastehfar et al., 2021).

Pseudomonas competes with Aspergillus for crucial resources, e.g., iron, via a variety of their products, such as phenazines, its major siderophore pyoverdine (Sass et al., 2017), pyocyanin (5-N-methyl-1-hydroxyphenazine) (Kerr et al., 1999; Briard et al., 2015; Sass et al., 2020), 1-hydroxyphenazine (Kerr et al., 1999; Briard et al., 2015), phenazine-1-carboxamide (Briard et al., 2015), phenazine-1-carboxylic acid (Briard et al., 2015), and rhamnolipids (Briard et al., 2017; Sass et al., 2021). Using laboratory reference isolates (PA14, PAO1) we recently showed that the Pseudomonas products pyoverdine, pyocyanin, and pyochelin interacted synergistically with the anti-fungal drug VCZ against A. fumigatus forming biofilm in vitro (Sass et al., 2021). As correctly emphasized in a recent excellent review, “Pathogens are known to adapt to the host environment during chronic infections; therefore, testing reference strains alongside clinical isolates is extremely important in polymicrobial communication studies” (Reece et al., 2021). Here we studied the relevance of microbial interaction on drug effects using clinical isolates. Given the heterogenicity of clinical Pseudomonas isolates, particularly of those from persons with CF (Ferreira et al., 2015), we compared CF and non-CF isolates.



Materials and Methods


Materials

2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT), menadione, rhamnolipids, and RPMI 1640 medium were purchased from Sigma-Aldrich (St. Louis, MO). Iron content in RPMI 1640 medium was below the detection limit (<1 µM, measured by inductively coupled plasma optical emission spectroscopy by Paolo Visca, Rome, Italy, personal communication). Voriconazole (VCZ) was obtained from Pfizer, New York City. Stock was prepared in DMSO and was further diluted to test conditions in RPMI. DMSO concentration in our combination experiments was 0.01%. DMSO concentrations below 1% do not affect A. fumigatus biofilm metabolism, thus did not require separate DMSO controls. Large batches of the reagents were prepared in aliquots and frozen, and a fresh aliquot was used in each experiment.



Strains and Isolates

The use of all microbes in our laboratory is approved by the CIMR Biological Use Committee (approval no. 001-03Yr.16). Assays were performed using the A. fumigatus virulent patient isolate 10AF [ATCC 90240 (Denning et al., 1990; Denning and Stevens, 1991)], or a VCZ-resistant isolate (AF21-23) with the most common mutation, TR34/L98H, in the promotor and within the cyp51A gene, which encodes the 14-demethylase enzyme critical to ergosterol synthesis (Sabino et al., 2021). Sixteen P. aeruginosa isolates from CF patients (7 with mucoid phenotype and 9 with non-mucoid phenotype) and eight isolates of P. aeruginosa recovered from non-CF patients were randomly chosen from a library of patient cultures, and obtained after written informed consent, for biobanking of the specimens and subsequent use of the patients, approved by the Stanford University (SU) Institutional Review Board. Another isolate was obtained following clinically indicated cultures from the Santa Clara Valley Medical Hospital (VMC). All isolates are shown in Table 1. In CF airways P. aeruginosa evolves into variants, such as mucoid colony types, which are adapted to chronic residence there (Davis et al., 1967; Davies and Bilton, 2009; Folkesson et al., 2012; Ferreira et al., 2015). For comparison, the P. aeruginosa laboratory reference isolates PA14 (O'Toole and Kolter, 1998; Lee et al., 2006; Fischer et al., 2016) and PAO1 (ATCC 15692) (Stover et al., 2000) were used.


Table 1 | Clinical P. aeruginosa isolates used in this study.





P. aeruginosa Planktonic Filtrate Production and Pyoverdine Measurement

P. aeruginosa filtrates were prepared as detailed previously (Ferreira et al., 2015). Briefly, P. aeruginosa bacteria (5 × 107 cells/ml) were incubated in RPMI 1640 medium (Sigma-Aldrich) at 37°C and 100 rpm for 24 h. Bacterial growth was measured at 600 nm using a spectrophotometer (Genesys 20, Thermo Fisher Scientific Inc., Waltham, MA). Bacterial cultures were centrifuged at 200×g for 30 min at room temperature, and filtered for sterility (0.22 μm). Pyoverdine production was measured at 405 nm. Measurements were normalized to bacterial growth using the formula: Relative pyoverdine production = OD 405/OD600, forming a pyoverdine quotient (Sass et al., 2017).



Assay for Measurement of Aspergillus Forming Biofilm Metabolism

A. fumigatus conidia (105/ml final concentration) were distributed into the wells of sterile flat-bottom 96-well culture plates at 50 µl/well. Bacterial supernatants or test substances and VCZ were combined in equal parts by volume (25 μl each) to the final concentrations indicated. Final volumes in wells during assays were 100 µl. RPMI 1640 medium served as the negative control. The assay plates were incubated at 37°C overnight and hyphae growth was verified by optical microscopy before performing XTT assays.

All experiments were evaluated by XTT metabolic assay as detailed previously (Scudiero et al., 1988; Ferreira et al., 2015). Briefly, 150 µl of an XTT/menadione mixture (150 µg/ml XTT, 30 µM menadione) were added to each test well and incubated at 37°C for 1 h. Supernatants from each well were transfered to a fresh 96-well plate (100 µl), and assayed using a plate reader (Vmax, Molecular Devices, San Jose, CA) at 490 nm.



Determination of the Isolate Dilution With 50% Anti-Fungal Activity (IC50)

Filtrates were diluted in RPMI in 1:2 steps with final concentrations ranging from 1:2 to 1:1,024. The concentration closest to inhibiting 50% of fungal metabolism here is referred to as the IC50 of an isolate.



BLISS Independence Model for Analysis of Drug Combination Effects

Combined drug effects were calculated using the BLISS Independence Model as described previously (Zhao et al., 2014) when combining drugs at their IC50, the optimal concentration for reagent interactions. Briefly, if drugs A (VCZ) and B (P. aeruginosa supernatant) inhibit Ya and Yb % of growth, respectively, their predicted combined effect (considering they work independently) is given by the formula:  = Ya + Yb − YaYb. The predicted combined effect was compared to the observed combined effect (Y°ab, anti-fungal activity by the drug combination in XTT assays). Results were interpreted as:

	 Observed > Predicted: Synergy (S)

	 Observed = Predicted: Independent (5% range of  ) (I)

	 Observed < Predicted: Antagonism (A)



(Abbreviations: Ya = inhibition of fungal metabolism by VCZ, Yb = inhibition of fungal metabolism by Pa sup, Y°ab = observed combined antifungal effect,  = predicted combined antifungal effect).



Statistical Analysis

Results were analyzed using Student’s t test, if two groups were compared, and 1-way ANOVA combined with a Tukey’s post-test for multiple comparisons. All data in this study are expressed as a mean ± SD. Data are reported as the percent of control. Each assay was performed with three to four biological and technical replicates. Representative experiments are shown.




Results


Determination of IC50s for Filtrates of Clinical P. aeruginosa Isolates Against A. fumigatus 10AF Biofilm Formation

Planktonic filtrates of seven randomly chosen mucoid or nine non-mucoid clinical P. aeruginosa isolates, derived from persons with CF (CF mucoid, CF non-mucoid), or from eight non-CF patients (described in Table 1) were produced in RPMI medium under iron-limiting conditions (Sass et al., 2017). Isolate filtrates were tested for anti-fungal activity against 10AF biofilm metabolism in 1:2 dilution steps from 1:2 to 1:1,024. Dose–response curves allowed the determination of dilutions that were within a 2-fold step of the individual IC50 (concentration of agent inhibiting 50%, compared to control). Table 2 shows that for most isolates an IC50 could be determined, with the dilution closest to the IC50 for individual isolates being between 1:16 and 1:256. Four isolates did not reach an IC50 at any dilution (Table 2: isolates 14-82, 14-89, 14-116, and 14-119). The anti-fungal strength of isolates, as assessed by the dilution of filtrate approximating the IC50, closely correlated with their pyoverdine content (Table 2 and Figure 1). These results are in agreement with previous findings (Sass et al., 2017). Table 2 also shows that mean pyoverdine production and IC50 in the CF mucoid group were lower than observed for the CF non-mucoid or non-CF groups, or for laboratory isolate PA14.


Table 2 | IC50, BLISS score and pyoverdine content determination for isolates used in this study.






Figure 1 | Correlation between pyoverdine content in Pseudomonas filtrates, and their IC50s. Pyoverdine quotients shown in Table 2 were plotted against the individual filtrate’s IC50, revealing a correlation between high pyoverdine content and strong anti-fungal activity.





Synergy Between VCZ and Clinical P. aeruginosa Isolates Against A. fumigatus 10AF Biofilm Formation

In a previous study we determined the IC50 for VCZ against 10AF forming biofilm metabolism within a 2-fold dilution step of 125 nM (Sass et al., 2021). We now combined filtrates of each clinical isolate at the dilution closest to its individual IC50 (Table 2) with VCZ at its IC50. Combination experiments were performed for all isolates with the exception of the four isolates that did not reach an IC50 (Table 2: isolates 14-82, 14-89, 14-116, and 14-119). Figure 2 gives an example of an isolate (14–92), tested for interaction with VCZ at concentrations surrounding its own IC50 (1:8 to 1:32), in combination with VCZ (Figure 2A: 0.25 µM, Figure 2B: 0.125 µM, Figure 2C: 0.063 µM). Our results show that synergistic effects were achieved, unless anti-fungal activity of one of the components alone was very strong (Figure 2).




Figure 2 | Examples for synergistic anti-fungal effects of the combination of P. aeruginosa clinical isolate filtrate and VCZ. Isolate 14-92 filtrate was diluted to final concentrations of 1:8 to 1:32, encompassing its inhibitory concentration of 50% (IC50), and combined with VCZ at 0.25 µM (A), 0.125 µM (B), or 0.063 µM (C) to test their combined antifungal activities against 10AF forming biofilm (105 conidia/ml in RPMI 1640 medium). Assay plates were incubated at 37°C overnight. 10AF fungal metabolism was measured by XTT assay. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. Statistical analysis: Unpaired t-test for VCZ (white striped bar), or each filtrate dilution (solid gray bars), vs. combinations of VCZ and filtrate (striped gray bars): one, two or three asterisks = p ≤0.05, p ≤0.01 or p ≤0.001, respectively.



We show each clinical isolate filtrate as well as PA14 filtrate at concentrations closest to their individual IC50s (Table 2), combined with VCZ at its IC50 (Figure 3). This shows that all individual filtrates had significantly stronger anti-fungal activity when combined with VCZ, independently of the phenotype or origin of the isolates; mucoid (Figure 3A), non-mucoid CF (Figure 3B), or non-CF (Figure 3C). Using the BLISS Independence Model we calculated the type of interaction (synergistic (S), independent (I) or antagonistic (A)) for all filtrate/VCZ combinations. Table 2 summarizes that all interactions were synergistic.




Figure 3 | Anti-fungal effects of the combination of CF mucoid, CF non-mucoid, or non-CF P. aeruginosa clinical isolate filtrates and VCZ at their IC50s. CF mucoid (A), CF non-mucoid (B), or non-CF isolate filtrates (C) were diluted to be used at final concentrations closest to their IC50, and combined with VCZ close to its IC50, to test their combined antifungal activities against 10AF forming biofilm (105 conidia/ml in RPMI 1640 medium). Assay plates were incubated at 37°C overnight. 10AF fungal metabolism was measured by XTT assay. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. X-axis shows isolate numbers. Comparisons without brackets: VCZ alone (striped white bar) vs. the individual isolate filtrate combination with VCZ (gray striped bar). Other comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: one, two or three asterisks = p ≤0.05, p ≤0.01 or p ≤0.001, respectively.



When all isolates per group were combined, combinations with VCZ were synergistic as well (Figure 4A: mucoid CF, Figure 4B: non-mucoid CF, Figure 4C: non-CF; Table 2). When comparing mucoid CF, non-mucoid CF and non-CF isolates, synergy of mucoid CF isolates with VCZ was found weaker than synergy between VCZ and non-mucoid CF or non-CF isolates (Figure 4D). Synergy between isolate filtrates and VCZ was strongest in the non-CF group (Figure 4D).




Figure 4 | Group comparisons for anti-fungal effects of the combination of CF mucoid, CF non-mucoid, or non-CF P. aeruginosa clinical isolate filtrates and VCZ at their IC50s. Individual isolate interactions with VCZ shown in Figure 3 were combined per group [CF mucoid (A), CF non-mucoid (B), or non-CF isolate filtrates (C)]. (D) Comparison among effects of VCZ/filtrate combinations, shown in (A–C), on 10AF biofilm formation. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. Comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: two or three asterisks = p ≤0.01 or p ≤0.001, respectively.





High Dilutions of Clinical Isolate Filtrates Still Support Anti-Fungal Activity of VCZ

To determine how potent interactions of isolates of each group (CF mucoid, CF non-mucoid, non-CF) were with VCZ, we further combined each isolate at the same high filtrate dilution (1:256), with VCZ at its IC50. This also enabled comparisons of the data from studying clinical isolates to those previously published with reference laboratory isolates (Sass et al., 2021), as the latter study investigated filtrates at a 1:256 dilution. Figure 5 shows that in each group (Figure 5A: mucoid CF, Figure 5B: non-mucoid CF, Figure 5C: non-CF) all isolates acted synergistically with VCZ when used at a 1:256 dilution. The same result was obtained when all isolates per group were combined (Figure 6A: mucoid CF, Figure 6B: non-mucoid CF, Figure 6C: non-CF). Again, combinations of CF mucoid filtrates showed significantly less synergy with VCZ than non-mucoid filtrates or non-CF filtrates, and synergy of non-CF isolates with VCZ was strongest (Figure 6D).




Figure 5 | Anti-fungal effects of the combination of CF mucoid, CF non-mucoid, or non-CF P. aeruginosa clinical isolate filtrates at 1:256 dilutions with VCZ at its IC50. CF mucoid (A), CF non-mucoid (B), or non-CF isolate filtrates (C) were diluted to be studied at final concentrations of 1:256, and combined with VCZ close to its IC50, to test their combined antifungal activities against 10AF forming biofilm (105 conidia/ml in RPMI 1640 medium). Assay plates were incubated at 37°C overnight. 10AF fungal metabolism was measured by XTT assay. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. X-axis shows isolate numbers. Comparisons without brackets: VCZ alone (striped white bar) vs the individual isolate filtrate combination with VCZ (gray striped bar). Other comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: one, two or three asterisks = p ≤0.05, p ≤0.01 or p ≤0.001, respectively.






Figure 6 | Group comparisons for anti-fungal effects of the combination of CF mucoid, CF non-mucoid, or non-CF P. aeruginosa clinical isolate filtrates at 1:256 dilutions with VCZ at its IC50. Individual isolate interactions with VCZ shown in Figure 4 were combined per group [CF mucoid (A), CF non-mucoid (B), or non-CF isolate filtrates (C)]. (D) Comparison among effects of VCZ/filtrate combinations, shown in (A-C), on 10AF biofilm formation. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. Comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: one or three asterisks = p ≤0.05 or p ≤0.001, respectively.





Isolates Not Showing an IC50 Still Support VCZ Anti-Fungal Activity

In the non-mucoid CF group we found four isolates that did not produce pyoverdine, a major Pseudomonas anti-fungal factor (Sass et al., 2017), and did not reach an IC50 (14-82, 14-89, 14-116, 14-119 in Table 2). This is a phenomenon not previously encountered, in studying wildtype laboratory isolates. We combined 1:2 (Figure 7A) or 1:256 dilutions of these filtrates (Figure 7B) with VCZ close to its IC50, and found that all 1:2 diluted filtrates interacted synergistically with VCZ (Figure 7A). When filtrates were diluted to 1:256 final concentration, two of the isolates still interacted with VCZ synergistically (Figure 7B: 14-82 and 14-119), whereas two isolates no longer did (Figure 7B: 14-89 and 14-116). These data suggest that pyoverdine is not solely responsible for combined anti-fungal activity of filtrates and VCZ, and that different amounts of one or more other factors are present in filtrates that interact with VCZ. We studied rhamnolipid production (Sass et al., 2021), and found that isolates 14-82 and 14-119 were capable of producing rhamnolipids, whereas isolates 14-89 and 14-116 were not. This ability to produce rhamnolipids correlated with their abilities to interact synergistically with VCZ at high dilutions. We therefore tested effects of rhamnolipids on 10AF forming biofilm metabolism, and also synergy with VCZ near its IC50, and found the IC50 for anti-fungal activity of rhamnolipids was about 160 µM, and synergy with VCZ at rhamnolipid concentrations below 39 µM, the lowest concentration tested (Figure 7C).




Figure 7 | Anti-fungal effects of the combination of pyoverdine-negative P. aeruginosa clinical isolate filtrates with VCZ. Four pyoverdine-negative CF non-mucoid isolate filtrates (no IC50) were diluted 1:2 (A) or 1:256 (B), and combined with VCZ close to its IC50, to test their combined antifungal activities against 10AF forming biofilm (105 conidia/ml in RPMI 1640 medium). Assay plates were incubated at 37°C overnight. 10AF fungal metabolism was measured by XTT assay. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. X-axis shows isolate numbers. Comparisons without brackets: VCZ alone (striped white bar) vs. the individual isolate filtrate combination with VCZ (gray striped bar). Other comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: two or three asterisks = p ≤0.01 or p ≤0.001, respectively. (C) Rhamnolipids were diluted to final concentrations of 5 to 0.039 mM, and tested against 10AF forming biofilm metabolism (105 conidia/ml in RPMI 1640 medium) either alone (gray bars) or in combination with VCZ close to its IC50. Assay plates were incubated at 37°C overnight. 10AF fungal metabolism was measured by XTT assay. Metabolism in the presence of RPMI alone (leftmost bar) was regarded as 100%. Comparisons: RPMI vs all rhamnolipid concentrations, or VCZ (leftmost black bar) vs. all rhamnolipid/VCZ combinations. Other comparisons as indicated by the ends of the brackets. Statistical analysis: 1-way ANOVA for dose-response-curves, unpaired t-test for comparisons indicated by brackets: two or three asterisks = p ≤0.01 or p ≤0.001, respectively.





Clinical Pseudomonas Isolate Filtrates Boost Anti-Fungal Activity of VCZ at Sub-Optimal Concentrations of VCZ, or in VCZ-Resistant Aspergillus

When clinical isolate filtrates close to their individual IC50s were combined with VCZ at VCZ concentrations that on their own allowed about 25% of anti-fungal activity, we still found synergistic interaction for most of the tested isolates (Figure 8A: mucoid CF, Figure 8B: non-mucoid CF, Figure 8C: non-CF). When all isolates in each group were combined, interactions were synergistic, compared to the single agents (Figure 9A: mucoid CF, Figure 9B: non-mucoid CF, Figure 9C: non-CF). CF mucoid filtrates showed significantly less synergy with VCZ than non-mucoid filtrates, but not less than non-CF isolates, whereas interactions with non-mucoid CF isolates were strongest (Figure 9D).




Figure 8 | Anti-fungal effects of the combination of CF mucoid, CF non-mucoid, or non-CF P. aeruginosa clinical isolate filtrates at their IC50s with VCZ below its IC50. CF mucoid (A), CF non-mucoid (B), or non-CF isolate filtrates (C) were diluted to be used at final concentrations closest to their IC50, and combined with VCZ at concentrations below its IC50, to test their combined antifungal activities against 10AF forming biofilm (105 conidia/ml in RPMI 1640 medium). Assay plates were incubated at 37°C overnight. 10AF fungal metabolism was measured by XTT assay. Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. X-axis shows isolate numbers. Comparisons without brackets: VCZ alone (striped white bar) vs. the individual isolate filtrate combination with VCZ (gray striped bar). Other comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: one, two or three asterisks = p ≤0.05, p ≤0.01 or p ≤0.001, respectively.






Figure 9 | Group comparisons for anti-fungal effects of the combination of CF mucoid, CF non-mucoid, or non-CF P. aeruginosa clinical isolate filtrates at their IC50s with VCZ below its IC50. Individual isolate interactions with VCZ shown in Figure 7 were combined per group [CF mucoid (A), CF non-mucoid (B), or non-CF isolate filtrates (C)]. (D) Comparison among effects of VCZ/filtrate combinations, shown in (A–C), on 10AF biofilm formation.  Metabolism in the presence of RPMI alone (white bar) was regarded as 100%. Comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: three asterisks = p ≤0.001.



As an extreme example of poor VCZ anti-fungal activity we used a clinical Aspergillus isolate resistant to VCZ concentrations. We studied concentrations that produced an IC50 in 10AF (Figure 10A), and in another wildtype laboratory reference strain, AF13073 (Sass et al., 2021). The VCZ-resistant strain AF21-23 showed an IC50 of 4–8 µM, which is about 50× higher than the IC50 of a susceptible strain (Figure 10A). Susceptibility towards Pseudomonas anti-fungal activity was similar for the VCZ-susceptible and the VCZ-resistant Aspergillus strain (Figure 10B). Combination with Pseudomonas filtrate synergistically increased VCZ anti-fungal activity even for the resistant fungus (Figure 10C).




Figure 10 | Anti-fungal effects of the combination of P. aeruginosa clinical isolate filtrate at 1:256 dilution with VCZ on a VCZ-resistant fungus. VCZ-susceptible (10AF) or VCZ-resistant (AF21-23) A. fumigatus were challenged with VCZ [(A) 63, 125, 250, 4,000 or 8,000 nM], Pseudomonas filtrate [(B) isolate 14-112 at 1:32 to 1:1,024 dilution], or (C) a combination of VCZ (125. 4,000, 8,000, or 16,000 nM) with 14-112 filtrate (1:256). Comparisons without brackets: untreated fungus vs all treated samples of the same groups. Other comparisons as indicated by the ends of the brackets. Statistical analysis: Unpaired t-test: one, two or three asterisks = p ≤0.05, p ≤0.01 or p ≤0.001, respectively.






Discussion

Co-infection with A. fumigatus and P. aeruginosa has been described to result in more severe outcome than mono-infection (Amin et al., 2010; Reece et al., 2017), possibly as a result of inflammatory signals caused by intermicrobial competition. On the other hand, numerous P. aeruginosa molecules, such as pyoverdine (Sass et al., 2017), phenazines, e.g., pyocyanin (Kerr et al., 1999; Sass et al., 2020), or di-rhamnolipids (Briard et al., 2017) have been shown to interfere with fungal metabolism or growth. The major siderophore pyoverdine was found to be the primary anti-fungal molecule under iron-limited conditions (Sass et al., 2017), whereas phenazine anti-fungal activity was triggered under non-limiting iron conditions (Chatterjee et al., 2020; Sass et al., 2020).

In a recent study, using P. aeruginosa laboratory strains PA14 and PAO1, we found synergistic anti-fungal activity of bacterial filtrates and VCZ, independently of the A. fumigatus strain used (Sass et al., 2021). The study showed that mediators of synergy encompass pyoverdine and pyocyanin, but also pyochelin, and suggested that the support of VCZ anti-fungal activity by soluble bacterial factors should be taken into consideration when treating Aspergillus-Pseudomonas co-infections. Such co-infections are not uncommon in persons with CF and other immunocompromised patients (King et al., 2016; O'Brien and Fothergill, 2017). It has been shown that in persons with CF two major P. aeruginosa phenotypes exist, mucoid, and non-mucoid CF isolates, of which the mucoid phenotype is associated with lower anti-fungal activity, compared to the non-mucoid phenotype (Ferreira et al., 2015; Nazik et al., 2020). The present study supports the finding of mucoid P. aeruginosa isolates from CF patients having less anti-fungal activity than non-mucoid CF isolates by showing that also their interaction with VCZ is weaker. Nevertheless, it is important to stress, all clinical isolates in the present study showed synergistic anti-fungal activity with VCZ, whether used at their individual IC50s, or at a dilution of 1:256, as previously used for testing interaction of VCZ with laboratory isolates (Sass et al., 2021). Synergy was observed over a wide range of filtrate, as well as VCZ, dilutions, increasing the likelihood of such interactions also taking place in the body. Many experiments (not shown) studying VCZ concentrations flanking the VCZ IC50 on both sides (example in Figure 2) also affirm the synergy illustrated in this paper. The exceptions were when VCZ or Pseudomonas filtrate concentrations, higher than the individual IC50 on their own, already had very strong effects on fungal metabolism. In such cases, synergy could not be calculated using the BLISS Independence Model. Animal studies now have to confirm if our in vitro observations of synergy reflect bacterial factor–drug interactions in the body. If stronger VCZ effects are observed during Aspergillus–Pseudomonas co-infections in vivo it might imply the possibility of reducing VCZ therapeutic doses, reducing side effects. On the other hand, treating Pseudomonas infection during co-infection with Aspergillus might result in the necessity for augmenting VCZ dosing. It is becoming more common to isolate VCZ-resistant A. fumigatus strains from CF patients (Hamprecht et al., 2018). Therefore, the observed synergistic effect with the mutant TR34/L98H pan-azole resistant isolate highlights the potential importance of these findings in future therapeutic options. Future studies of interest would include exploring the interaction of VCZ with A. fumigatus strains of increased drug vulnerability, such as variants that lack wall galactosaminogalactan.

In general, anti-fungal and synergistic activity of clinical isolates is weaker than that of laboratory isolates, although pyoverdine production is comparable (compare Table 2 to Figure 6D and Supplemental Figure 1). In our previous study using laboratory isolates of Pseudomonas we identified three bacterial factors that interacted synergistically with VCZ, i.e., pyoverdine, pyocyanin, and pyochelin (Sass et al., 2021). In the present study we encountered four isolates with markedly deficient pyoverdine production (isolates 14-82, 14-89, 14-116, and 14-119) for which we observed similar growth to pyoverdine-positive isolates, measured by OD610. With the loss of pyoverdine production these isolates lost most of their anti-fungal activity, which could be expected, as pyoverdine is a major anti-fungal factor under iron-limiting conditions (Sass et al., 2017). Although pyoverdine seemed to be a major supporter of VCZ anti-fungal activity (Sass et al., 2021), all 4 isolates showed strong synergy with VCZ when used at high concentrations. When used at low concentrations two of the 4 isolates still acted synergistically with VCZ, which suggests the presence of high amounts of anti-fungal factors other than pyoverdine in bacterial filtrates that support VCZ anti-fungal activity. Under the experimental conditions used here (iron-limited medium) it is unlikely that these molecules are phenazines, such as pyocyanin, as pyocyanin induction requires elevated amounts of iron in growth medium (Sass et al., 2020). We also observed that under non-limiting iron conditions very few of our clinical isolates produced pyoyanin, and of the four pyoverdine-negative isolates only 14-119 was able. Synergy of filtrates produced in the presence of iron with VCZ was reduced, compared to filtrates produced under iron-limiting conditions. The third previously identified molecule that supports VCZ anti-fungal activity is pyochelin (Sass et al., 2021). We here could show that rhamnolipids as well are VCZ-synergistic Pseudomonas molecules. There are other anti-fungal Pseudomonas molecules known that are present in bacterial filtrates, such as 3,4-dihydroxy-2-heptylquinoline (PQS, Nazik et al., 2020), or 4-hydroxy-2-heptylquinoline (HHQ, Nazik et al., 2021), which might add to synergy with VCZ.

Further preliminary data show that harsh heating of pyoverdine negative isolates (95°C for 30 min) significantly reduced their synergistic anti-fungal activity with VCZ (p ≤0.01 for one isolate, p ≤0.001 for 3 isolates). These data indicate that besides the predominant synergistic factor pyoverdine there are other heat-sensitive and heat-stable Pseudomonas molecules present that synergistically interact with VCZ against Aspergillus forming biofilm metabolism. The repertoire of an individual Pseudomonas isolate of produced molecules varies, and it has to be seen if there are common variations within clinical isolate phenotype groups, e.g., mucoid or non-mucoid.

In summary, these data show that clinical P. aeruginosa isolates, at varying degrees, synergistically interact with VCZ, and that pyoverdine is not the only molecule responsible.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

Conceptualization, DAS. Data curation, DAS, GS, PS, and JJM. Formal analysis, DAS, GS, PS, and JJM. Funding acquisition, DAS. Investigation, DAS, GS, PS, and JJM. Methodology, DAS, GS, PS, and JJM. Project administration, DAS and GS. Resources, DAS and RS. Software, GS. Supervision, DAS and GS. Validation, DAS, GS, PS, and JJM. Visualization, DAS, GS, PS, and JJM. Writing—original draft, GS. Writing—review & editing, DAS, GS, PS, JJM and RS. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

These studies were funded by ongoing support by the Foundation for Research in Infectious Diseases (FRID, grant 8201). The funder had no role in study design, data collection and interpretation, or the decision to submit the work for publication.



Acknowledgments

The authors thank Marife Martinez for excellent technical support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.817315/full#supplementary-material



Abbreviations

CF, Cystic Fibrosis; Pa, Pseudomonas aeruginosa; VCZ, Voriconazole; Af, Aspergillus fumigatus; S, Synergy; I, Independence; A, Antagonism; Ya, inhibition of fungal metabolism by drug A; Yb, inhibition of fungal metabolism by drug B; Y°ab, observed combined antifungal effect; , predicted combined antifungal effect; inhibitory concentration of 50% (IC50).



References

 Amin, R., Dupuis, A., Aaron, S. D., and Ratjen, F. (2010). The Effect of Chronic Infection With Aspergillus fumigatus on Lung Function and Hospitalization in Patients With Cystic Fibrosis. Chest 137, 171–176. doi: 10.1378/chest.09-1103

 Arastehfar, A., Carvalho, A., Houbraken, J., Lombardi, L., Garcia-Rubio, R., Jenks, J. D., et al. (2021). Aspergillus fumigatus and Aspergillosis: From Basics to Clinics. Stud. Mycol. 100, 100115. doi: 10.1016/j.simyco.2021.100115

 Briard, B., Bomme, P., Lechner, B. E., Mislin, G. L., Lair, V., Prévost, M. C., et al. (2015). Pseudomonas Aeruginosa Manipulates Redox and Iron Homeostasis of its Microbiota Partner Aspergillus fumigatus via Phenazines. Sci. Rep. 5, 8220. doi: 10.1038/srep08220

 Briard, B., Rasoldier, V., Bomme, P., ElAouad, N., Guerreiro, C., Chassagne, P., et al. (2017). Dirhamnolipids Secreted From Pseudomonas Aeruginosa Modify Anti-Fungal Susceptibility of Aspergillus fumigatus by Inhibiting β1,3 Glucan Synthase Activity. ISME J. 11, 1578-1591. doi: 10.1038/ismej.2017.32

 Chatterjee, P., Sass, G., Swietnicki, W., and Stevens, D. A. (2020). Review of Potential Pseudomonas Weaponry, Relevant to the Pseudomonas-aspergillus Interplay, for the Mycology Community. J. Fungi (Basel) 6, 81. doi: 10.3390/jof6020081

 Chishimba, L., Niven, R. M., Cooley, J., and Denning, D. W. (2012). Voriconazole and Posaconazole Improve Asthma Severity in Allergic Bronchopulmonary Aspergillosis and Severe Asthma With Fungal Sensitization. J. Asthma 49, 423–433. doi: 10.3109/02770903.2012.662568

 Davies, J. C., and Bilton, D. (2009). Bugs, Biofilms, and Resistance in Cystic Fibrosis. Respir. Care 54, 628–640. doi: 10.4187/aarc0492

 Davis, B. D., Dulbecco, R., Eisen, H. N., Ginsberg, H. S., and Wood, B. (1967). “Chapter 5: Bacerial Nutrition and Growth,” in Microbiology (New York: Harper & Row, pubishers, Inc), 148.

 Denning, D. W., Clemons, K. V., Hanson, L. H., and Stevens, D. A. (1990). Restriction Endonuclease Analysis of Total Cellular DNA of Aspergillus Fumigatus Isolates of Geographically and Epidemiologically Diverse Origin. J. Infect. Dis. 162, 1151–1158. doi: 10.1093/infdis/162.5.1151

 Denning, D. W., and Stevens, D. A. (1991). Efficacy of Cilofungin Alone and in Combination With Amphotericin B in a Murine Model of Disseminated Aspergillosis. Antimicrob. Agents Chemother. 35, 1329–1333. doi: 10.1128/AAC.35.7.1329

 Ferreira, J. A., Penner, J. C., Moss, R. B., Haagensen, J. A., Clemons, K. V., Spormann, A. M., et al. (2015). Inhibition of Aspergillus fumigatus and Its Biofilm by Pseudomonas aeruginosa Is Dependent on the Source, Phenotype and Growth Conditions of the Bacterium. PloS One 10, e0134692. doi: 10.1371/journal.pone.0134692

 Fischer, S., Klockgether, J., Morán Losada, P., Chouvarine, P., Cramer, N., Davenport, C. F., et al. (2016). Intraclonal Genome Diversity of the Major Pseudomonas Aeruginosa Clones C and PA14. Environ. Microbiol. Rep. 8, 227–234. doi: 10.1111/1758-2229.12372

 Folkesson, A., Jelsbak, L., Yang, L., Johansen, H. K., Ciofu, O., Høiby, 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

 Hamprecht, A., Morio, F., Bader, O., Le Pape, P., Steinmann, J., and Dannaoui, E. (2018). Azole Resistance in Aspergillus Fumigatus in Patients With Cystic Fibrosis: A Matter of Concern? Mycopathologia 183, 151–160. doi: 10.1007/s11046-017-0162-4

 Hogan, C., and Denning, D. W. (2011). Allergic Bronchopulmonary Aspergillosis and Related Allergic Syndromes. Semin. Respir. Crit. Care Med. 32, 682–692. doi: 10.1055/s-0031-1295716

 Kerr, J. R., Taylor, G. W., Rutman, A., Høiby, N., Cole, P. J., and Wilson, R. (1999). Pseudomonas Aeruginosa Pyocyanin and 1-Hydroxyphenazine Inhibit Fungal Growth. J. Clin. Pathol. 52, 385–387. doi: 10.1136/jcp.52.5.385

 King, J., Brunel, S. F., and Warris, A. (2016). Aspergillus Infections in Cystic Fibrosis. J. Infect. 72 Suppl, S50–S55. doi: 10.1016/j.jinf.2016.04.022

 Lee, D. G., Urbach, J. M., Wu, G., Liberati, N. T., Feinbaum, R. L., Miyata, S., et al. (2006). Genomic Analysis Reveals That Pseudomonas aeruginosa Virulence Is Combinatorial. Genome Biol. 7, R90. doi: 10.1186/gb-2006-7-10-r90

 Nazik, H., Sass, G., Ansari, S. R., Ertekin, R., Haas, H., Déziel, E., et al. (2020). Novel Intermicrobial Molecular Interaction: Pseudomonas Aeruginosa Quinolone Signal (PQS) Modulates Aspergillus fumigatus Response to Iron. Microbiology 166, 44–55. doi: 10.1099/mic.0.000858

 Nazik, H., Sass, G., Déziel, E., and Stevens, D. A. (2020). Aspergillus Is Inhibited by Pseudomonas aeruginosa Volatiles. J. Fungi (Basel) 6, 118. doi: 10.3390/jof6030118

 Nazik, H., Sass, G., Williams, P., Déziel, E., and Stevens, D. A. (2021). Molecular Modifications of the Pseudomonas Quinolone Signal in the Intermicrobial Competition With Aspergillus. J. Fungi (Basel) 7, 343. doi: 10.3390/jof7050343

 O'Brien, S., and Fothergill, J. L. (2017). The Role of Multispecies Social Interactions in Shaping Pseudomonas aeruginosa Pathogenicity in the Cystic Fibrosis Lung. FEMS Microbiol. Lett. 364 (15), fnx128. doi: 10.1093/femsle/fnx128

 O'Toole, G. A., and Kolter, R. (1998). Flagellar and Twitching Motility Are Necessary for Pseudomonas Aeruginosa Biofilm Development. Mol. Microbiol. 30, 295–304. doi: 10.1046/j.1365-2958.1998.01062.x

 Reece, E., Bettio, P. H. A., and Renwick, J. (2021). Polymicrobial Interactions in the Cystic Fibrosis Airway Microbiome Impact the Antimicrobial Susceptibility of Pseudomonas aeruginosa. Antibiotics (Basel) 10, 827. doi: 10.3390/antibiotics10070827

 Reece, E., Segurado, R., Jackson, A., McClean, S., Renwick, J., and Greally, P. (2017). Co-Colonisation With Aspergillus fumigatus and Pseudomonas aeruginosa Is Associated With Poorer Health in Cystic Fibrosis Patients: An Irish Registry Analysis. BMC Pulm. Med. 17, 70. doi: 10.1186/s12890-017-0416-4

 Sabino, R., Gonçalves, P., Martins Melo, A., Simões, D., Oliveira, M., Francisco, M., et al. (2021). Trends on Aspergillus Epidemiology—Perspectives From a National Reference Laboratory Surveillance Program. J. Fungi (Basel) 7, 28. doi: 10.3390/jof7010028

 Sass, G., Nazik, H., Chatterjee, P., Shrestha, P., Groleau, M. C., Déziel, E., et al. (2021). Altered Pseudomonas Strategies to Inhibit Surface Aspergillus Colonies. Front. Cell. Infect. Microbiol. 11, 734296. doi: 10.3389/fcimb.2021.734296

 Sass, G., Nazik, H., Chatterjee, P., and Stevens, D. A. (2020). Under Nonlimiting Iron Conditions Pyocyanin Is a Major Antifungal Molecule, and Differences Between Prototypic Pseudomonas aeruginosa Strains. Med. Mycol. 59, 453-464. doi: 10.1093/mmy/myaa066

 Sass, G., Nazik, H., Penner, J., Shah, H., Ansari, S. R., Clemons, K. V., et al. (2017). Studies of Pseudomonas aeruginosa Mutants Indicate Pyoverdine as the Central Factor in Inhibition of Aspergillus Fumigatus Biofilm. J. Bacteriol. 200, e00345–e00317. doi: 10.1128/JB.00345-17

 Sass, G., Shrestha, P., and Stevens, D. A. (2021). Pseudomonas Aeruginosa Virulence Factors Support Voriconazole Effects on Aspergillus fumigatus. Pathogens 10, 519. doi: 10.3390/pathogens10050519.PMID:33925818

 Scudiero, D. A., Shoemaker, R. H., Paull, K. D., Monks, A., Tierney, S., Nofziger, T. H., et al. (1988). Evaluation of a Soluble Tetrazolium/Formazan Assay for Cell Growth and Drug Sensitivity in Culture Using Human and Other Tumor Cell Lines. Cancer Res. 48, 4827–4833.

 Stover, C. K., Pham, X. Q., Erwin, A. L., Mizoguchi, S. D., Warrener, P., Hickey, M. J., et al. (2000). Complete Genome Sequence of Pseudomonas aeruginosa PAO1, an Opportunistic Pathogen. Nature 406, 959–964. doi: 10.1038/35023079

 Zhao, W., Sachsenmeier, K., Zhang, L., Sult, E., Hollingsworth, R. E., and Yang, H. (2014). A New Bliss Independence Model to Analyze Drug Combination Data. J. Biomol. Screen. 19, 817–821. doi: 10.1177/1087057114521867




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 Sass, Marsh, Shrestha, Sabino and Stevens. 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.


OEBPS/Images/fcimb-12-817315-g007.jpg
250

= = RPMI control CF non-mucoid
g ez VCZ [IC50]
£ H 200 filtrate [1:2; no IC50]
8 Jeee
830 150
g2 2
ET ¥ 100
<<
2% 50
2
o
isolate 14 82 89 116 119
s 200
= = RPMI control CF non-mucoid
g ez VCZ([IC50]
§E  1s0{= filtrate [1:256; no Ic50]
28
2=y see . [
= L [ Jeee) =
£2 2 100
E3
w 2
S so
2%
=2 % P
[
isolate 14 82 89 116 119
2 200 —
5 = novcz Forming biofilm;
e £ —VCZ [0.125 uM] Rhamnolipids
g
g 180
80 o
55 ol
gz P =
Eo¥ =
$E w e R
25 B A Hj
= e Fae e B (| |3 ||z
I Fa i e O i

Rhi[mM] - 5 25 125 063 031 046 0078 0039





OEBPS/Images/fcimb-12-817315-g010.jpg
= 10AF Forming biofilm
= AF21-23 vez

& Y
VCZ [nM] - 8000 4000 250 125 63
200
a = 10AF forming biofilm
» =3 AF21-23 14112
3 1501
§ 2
= 1004 = .
£ "~
g 5o
2 T
filtrate: 1: - 32 64 128 256 512 1024
° 200 —
RPMI control forming biofilm
a filtrate 14-112 (1:256) AF21-23
«w VCZ 16000 nM == VCZ 4000 nM
;‘ 1501 == VCZ 8000 nM == VCZ 125 nM
:
g 100 s
K
g ey
2 s Lo
<

o






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Synergy Between Pseudomonas aeruginosa Filtrates And Voriconazole Against Aspergillus fumigatus Biofilm Is Less for Mucoid Isolates From Persons With Cystic Fibrosis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Strains and Isolates

          



          		

            P. aeruginosa Planktonic Filtrate Production and Pyoverdine Measurement

          



          		

            Assay for Measurement of Aspergillus Forming Biofilm Metabolism

          



          		

            Determination of the Isolate Dilution With 50% Anti-Fungal Activity (IC50)

          



          		

            BLISS Independence Model for Analysis of Drug Combination Effects

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Determination of IC50s for Filtrates of Clinical P. aeruginosa Isolates Against A. fumigatus 10AF Biofilm Formation

          



          		

            Synergy Between VCZ and Clinical P. aeruginosa Isolates Against A. fumigatus 10AF Biofilm Formation

          



          		

            High Dilutions of Clinical Isolate Filtrates Still Support Anti-Fungal Activity of VCZ

          



          		

            Isolates Not Showing an IC50 Still Support VCZ Anti-Fungal Activity

          



          		

            Clinical Pseudomonas Isolate Filtrates Boost Anti-Fungal Activity of VCZ at Sub-Optimal Concentrations of VCZ, or in VCZ-Resistant Aspergillus

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-817315-g009.jpg





OEBPS/Images/fcimb-12-817315-g005.jpg
200

5
EE 150
=8
asa
H
$2 9 1004
EX 3
.o
<E
ST s0
- O
®
0
isolate 14-
: 200
g
I
28
2sa
H
£2 9 1004
EE3
w2
E3
- O
=
isolate 14-
¢ 200
g
S 150
538
250
s
45&"3 100
ezt
SZ 0
€%
=
0

= RPMI control
@ VCZ [IC50]
== filtrate [1:256]

CF mucoid

11

ke A

(= RPMI control
e VCZ [1C50]

CF non-mucoid

150-|== filtrate [1:256]

]

81 84 13 14

= RPMI control
ez VCZ [IC50]
= filtrate [1:256]

i

H

90 91





OEBPS/Images/fcimb.2022.817315_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Synergy Between Pseudomonas
aeruginosa Filtrates And
Voriconazole Against Aspergillus
fumigatus Biofilm Is Less for
Mucoid Isolates From Persons
With Cystic Fibrosis





OEBPS/Images/table2.jpg
CIMR# Filtrate dilution Interaction filtrate IC50/ Pyoverdine
closestto IC50 VCZ IC50 BLISS score quotient

CF mucoid
14-79 1:64 S 0.90
14-92 1:16 S 0.57
14-97 1:256 S 1.738
14-112 1:256 S 3.78
14-115 1:64 S 0.72
14-118 1:64 S 1.29
14-122 1:256 S 172
CF mucoid 1:128 S 1.53
group mean
CF non-mucoid
14-81 1:256 S 2.83
14-82 No IC50 = 0.06
14-84 1:128 S 2.01
14-89 No IC50 = 0.04
14-113 1:64 S 0.18
14-114 1:512 S 3.41
14-116 No IC50 - 0.06
14-117 1:256 S 3.97
14-119 No IC50 - 0.17
CF non-mucoid 1:256 S 248
group means
no IC50 - 0.08
Non-CF
14-75 1:256 S 1.99
14-78 1:256 S 2.80
14-86 1:128 S 2.24
14-90 1:256 S 1.82
14-91 1:256 S 2.48
14-93 1:256 S 2.78
14-98 1:16 S 0.13
14-101 1:256 S 1.63
Non-CF group 1:256 s 1.98
mean
PA14 1:256 S 2.23
PAO1 1:512 s 3.23

BLISS score: S: synergy.
As indicated in the Table the bold values are ‘group means'.





OEBPS/Images/fcimb-12-817315-g003.jpg
N
S
3

= =3 RPMI control CF mucoid
g =z VCZ[IC50]
£ 450{== filtrate [IC50]
538 e
S8sa H
a2 100
£X3
Lo
<E
S& 50
£%
B
o A
isolate 14- 79 92 97 112 115 118 122
3 200 -
= = RPMI control CF non-mucoid
g ez VCZ [IC50]
£ 4g0-{= filtrate [IC50]
3
=2 =y
2 % 100 o
e i
2 o s -
s 50 = — o) =
S % o
i O Ui b O
0.
isolate 14- 81 84 13 14 17
¢ 200
= = RPMI control
2 ez VCZ [IC50]
5 £ 150{= filtrate [IC50]
S ° Pees
83 H
g2 % 100
EC 3
;o
<S
= 50
=%
2

0
e PO 25 78 86 90 91 93 98 101





OEBPS/Images/fcimb-12-817315-g001.jpg
pyoverdaine quotient
+1-SD

*
Gorreation between
Pravarding i 1650

N

2

,_

o T
& IC I
®

Filtrate IC50






OEBPS/Images/fcimb-12-817315-g006.jpg
‘10AF metabolism

[% of the RPMI control]

o

10AF metaboiism

[% of the RPMI control]

+1-SD

+1-SD

20 - 20
= Rowconvo CFmucodgrow| 5 [= Rewiconiol G nommucoid|
@ vez[icso) g e vez ficso) rouy
150-|3 frote (12561 5T isofe mumstesizser b
S
100 £52 o0
we®
504 33 =
= 7]
o o
o
200
(= RPMI control ‘nonCF group| = 2T= Rem contral group
= vezcso) s == vezpcso) comparison
1504 Muates 1:258) EE  isofes fumates izser
3.
100 §22 ————
FH
50 g3 50 %
2
o ; il all &
" cr nandF

S el B






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/im1.jpg
) ¢
3%





OEBPS/Images/fcimb-12-817315-g008.jpg
<

icoid

122

CF mu

i

12

RPMI control
79

VCZ [<1C50]

150-== filtrate [IC50]

0:
isolate 14-

0:
0

0
5

2

as -+
[1013u00 |NdY U3 40 %]
logeIow 4y0L

18

115

o7

] T ™ [T
§ I
g s e
g P
m *
2 H 3z ot &
w = pae——
o
1 . g, s
e £ —
PR
"H : < %
g 3 f
358 5 =8 &
Hid — B =
Sve 2L T S
ENE ZNE Pt
¥SE T &SE
180 HI DRl T ==
ity M— R —
— T T : R
g 3 3 3 °¥g 8 8 8
& & 2 ¢ & & 2
as -+ m as -+

[1013u02 |NdY U3 40 %]
wisijogelaw 4oL

o

[1023u09 |Nd 3u3 Jo %]
wsijogejaw 4y0L

28 8 90 91 93 98 101

-5

oo





OEBPS/Images/fcimb-12-817315-g002.jpg
£S £9 &g
23 £3 s F
..m..m 2+ 8% i
2 2 4 3
£ E £ i
S 2 e
Su 228 23 :
oo oon onn §
H g P
3 5 2 ;
=
ig 35 £g
K] IR 0e
8 g g 3 s 2z 3 3
g g8 8 g 8 8

as -/+ [lox3u0 jo %]
wsiloqelan Vol

as -7+ [1013u02 Jo %]
wsijoqeIoN VoL

as -/+ [lo3u0d jo %]
wsijogeIew V0L





OEBPS/Images/table1.jpg
CIMR#

14-79
14-92
14-97
14-112
14-115
14-118
14-122
14-81
14-82
14-84
14-89
14-113
14-114
14-116
14-117
14-119
14-75
14-78
14-86
14-90
14-91
14-93
14-98
14-101

Clinical Laboratory ID #
Santa Clara Valley Medical
Center (VMC) or Stanford
University (SU)

SU20060455
SU09710807
SU16242976
SU40721045
SU40943938
SU08215535
SUB0141132
SU09710807
SU16242976
SU7841943
SU41063570
SU23373137
SU23373137
SU40943938
SUB0908696
SU06034359
VMC
SUB0370871
SU42266353
SU27917939
SU27917939
SU21548292
SU41082579
SU28674323

Specimen

Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Respiratory
Non-Respiratory
Non-Respiratory

Phenotype

CF mucoid

CF mucoid

CF mucoid

CF mucoid

CF mucoid

CF mucoid

CF mucoid

CF non-mucoid
CF non-mucoid
CF non-mucoid
CF non-mucoid
CF non-mucoid
CF non-mucoid
CF non-mucoid
CF non-mucoid
CF non-mucoid
Non-CF
Non-CF
Non-CF
Non-CF
Non-CF
Non-CF
Non-CF
Non-CF





OEBPS/Images/fcimb-12-817315-g004.jpg
_ o
- = RPN control
g S e ‘GF mucoid group @
H fitrates [IC50 £ =
9 ] g = e contor
1 = et CF non-mucoid|
s £ itrates C50] grou
1 1
+il §52 1
: 5
: L
c 2
_ o :
5 = ewcontor ’
I LE e oncFgroup| =
3 itrates 1CS0] s S
1] g = vezicso)

m E grou
I i 150]= fitrates [1C50] campin
.2 H
it £& 2 100
25 1N |

*
: <5
n 25 M
] = Ill
\ al &
v

L, . T






