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Abstract: Pseudomonas aeruginosa and Aspergillus fumigatus are pathogens that are associated with
deterioration of lung function, e.g., in persons with cystic fibrosis (CF). There is evidence that co-
infections with these pathogens cause airway inflammation and aggravate pathology in CF lungs.
Intermicrobial competition of P. aeruginosa and A. fumigatus has been described, but it is unknown
how anti-fungal therapy is affected. The anti-fungal azole voriconazole (VCZ), supernatants of
P. aeruginosa laboratory isolates PA14 or PAO1, or clinical isolate Pa10 independently inhibited
biofilm metabolism of A. fumigatus isolates 10AF and AF13073. When VCZ and supernatants were
combined at their IC50s, synergistic effects on A. fumigatus were found. Synergistic effects were no
longer observed when P. aeruginosa supernatants were prepared in the presence of iron, or when
P. aeruginosa mutants were lacking the ability to produce pyoverdine and pyochelin. Combination
of pure P. aeruginosa products pyoverdine, pyochelin, and pyocyanin with VCZ showed synergistic
anti-fungal effects. Combining VCZ with P. aeruginosa supernatants also improved its MIC and
MFC against planktonic A. fumigatus. In summary, in the case of P. aeruginosa–A. fumigatus co-
infections, it appeared that the P. aeruginosa co-infection facilitated therapy of the Aspergillus; lower
concentrations of VCZ might be sufficient to control fungal growth.

Keywords: Pseudomonas aeruginosa; Aspergillus fumigatus; voriconazole; microbial interaction; cystic
fibrosis; drug interaction; therapy

1. Introduction

Persons with cystic fibrosis (CF), a hereditary disease caused by mutations in the
genes specifying the cystic fibrosis transmembrane conductance regulator (CFTR), a chlo-
ride channel on epithelial cells [1–3], frequently suffer from bacterial, fungal, and viral
co-morbidities of the lung that aggravate the course of disease. P. aeruginosa, members
of the B. cepacia complex, A. fumigatus, respiratory syncytial virus, and influenza virus
are prominent bacterial, fungal, and viral pathogens impairing lung function, especially
when occurring in co-infections [4,5]. Therapies used during CF encompass drugs targeted
against CF itself, encompassing two main classes of CFTR-targeting compounds: CFTR
potentiators, increasing activity of CFTR on epithelial surfaces, and CFTR correctors, im-
proving defective protein processing and trafficking [6], as well as drugs against each of
the microbial infections, or co-infections. Microorganisms, and also drugs, interact, affect,
and are affected by individual conditions in the lungs. A. fumigatus infections can include
Aspergillus bronchitis, allergic bronchopulmonary aspergillosis (ABPA), and/or chronic
progressive aspergillosis, and ultimately contribute to the need for lung transplantation [7].
In anatomically abnormal lungs, Aspergillus would persist as mycelial forms and generate
biofilms. First-line treatment of ABPA is performed with oral corticosteroids [8,9], with
concomitant side effects. Voriconazole (VCZ), itraconazole, posaconazole, and the anti-IgE
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antibody omalizumab might be alternatives [10–12]. Co-infections with A. fumigatus and
P. aeruginosa trigger more severe outcomes than each mono-infection [13,14]. Interactions of
A. fumigatus and P. aeruginosa have been studied for many years, with the majority of studies
pointing towards an anti-fungal role of P. aeruginosa, interfering with fungal metabolism or
growth via molecules such as its major siderophore pyoverdine [15], phenazines such as py-
ocyanin (5-N-methyl-1-hydroxyphenazine) [15–17], 1-hydroxyphenazine [15], phenazine-
1-carboxamide [15], phenazine-1-carboxylic acid [15], and di-rhamnolipids [16]. We here
aimed to illuminate interactions between bacterial molecules and anti-fungal therapy (use
of VCZ) affecting A. fumigatus biofilm formation.

2. Results
2.1. Determination of IC50s for P. aeruginosa Strain PA14 Supernatants or VCZ against
A. fumigatus 10AF Biofilm Formation

Planktonic supernatants of P. aeruginosa, produced under limiting iron conditions in
RPMI medium, contain the major siderophore pyoverdine, which inhibits A. fumigatus
biofilm metabolism. Here, we determined the IC50 for PA14 supernatants by dilution in
RPMI to be between 1:256 and 1:1024 (Figure 1A).
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Figure 1. Dose–response curves showing IC50s for the antifungal effects of P. aeruginosa wild-type
strain PA14 supernatant and VCZ dilutions against 10AF forming biofilm. PA14 wild-type bacteria
(5 × 107/mL in RPMI 1640 medium) supernatant in twofold serial dilutions (final concentrations:
1:2 to 1:2048) (A) or VCZ in twofold serial dilutions (final concentrations: 16 to 0.063 µM) (B) were
added to 10AF conidia (105 conidia/mL in RPMI 1640 medium). Assay plates were incubated at
37 ◦C overnight. Fungal metabolism was measured by XTT assay. Metabolism in the presence of
RPMI alone was regarded as 100% and compared to each supernatant dilution. Statistical analysis:
one-way ANOVA: two asterisks = p ≤ 0.01, three asterisks = p ≤ 0.001, respectively. Comparison:
RPMI (white bar) vs. all other bars (black bars), or as indicated by the ends of the brackets.

A previous study used VCZ concentrations between 0.125 and 1 µM for drug–drug
interaction studies, with A. fumigatus forming biofilm metabolism as a readout [17]. Here,
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we determined the IC50 for VCZ against forming biofilm metabolism to be between 0.25
and 0.063 µM (Figure 1B).

2.2. PA14 Supernatant Supported VCZ Anti-Fungal Activity against 10AF

Combining PA14 supernatant at concentrations close to its IC50 (twofold dilutions of
1:256 to 1:1024) with VCZ at concentrations close to its IC50 (0.25 to 0.063 µM) resulted in
increased effects on forming 10AF metabolism at all combinations of PA14 supernatants
with 0.25 µM (Figure 2A) and 0.125 µM VCZ (Figure 2B). At 0.063 µM VCZ (Figure 2C),
only the two lower concentrations of supernatants increased the combined effects. Use of
the BLISS Independence Model indicated that the interaction of PA14 supernatants with
VCZ was mostly synergistic (Table 1 and Table S1).
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Figure 2. Combination of PA14 supernatant and VCZ significantly increased antifungal effects on
forming 10AF biofilm. (A–C) PA14 wild-type bacteria (5 × 107/mL in RPMI 1640 medium) supernatant
was diluted to final concentrations of 1:256 to 1:1024 and combined with (A) VCZ 0.250 µM, (B) VCZ
0.125 µM, or (C) VCZ 0.063 µM 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. Statistical analysis: metabolism in the presence of RPMI alone
(white bar) was regarded as 100%, and compared by unpaired t-test to VCZ alone (gray bar) and PA14
supernatant dilutions alone (striped bars) and their combinations (gray striped bars). One-way ANOVA:
VCZ vs. all VCZ combinations. Unpaired t-test for each supernatant dilution vs. its combination with
VCZ: two asterisks = p ≤ 0.01, three asterisks = p ≤ 0.001.
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Table 1. Bliss Independence Model (PA14 supernatant and VCZ combination effects against 10AF
forming biofilm).

VCZ 0.250 VCZ 0.125 VCZ 0.063

Pa sup 1:256 I S I

Pa sup 1:512 S S S

Pa sup 1:1024 S S S
(S = synergy, I = independence).

Independent results calculated for the combinations of VCZ 0.250 and 0.063 µM with
PA14 supernatant 1:256 were a result of strong individual component inhibition of 10AF
metabolism. None of the combinations showed antagonistic effects.

2.3. Synergistic Interaction of VCZ with P. aeruginosa Supernatants Was Independent of the
P. aeruginosa or A. fumigatus Strain Used

In order to determine the biological range of VCZ–P. aeruginosa–A. fumigatus interac-
tion, we studied another reference A. fumigatus strain, AF13073, and found similar effects
(compare Figure 3A to Figure 2B).

We then studied supernatants of the widely used P. aeruginosa reference strain PAO1
and investigated combination of its supernatants with VCZ against 10AF forming biofilm
metabolism. Our results showed similar effects as observed for the PA14 supernatant–VCZ
interaction (compare Figure 3B to Figure 2B).

The BLISS Independence Model revealed overall synergistic and no antagonistic
interactions between VCZ and bacterial supernatants. Table 2A,B was constructed for
comparative purposes, whereas the calculation process and comparisons for interactions of
bacterial supernatant with additional VCZ concentrations are provided in Table S2.

Table 2. Bliss Independence Model (PA14 supernatant and VCZ combined effect against AF13073
forming biofilm and P. aeruginosa, PAO1 and Pa10, supernatant combined effects with VCZ against
10AF forming biofilm).

A PA14 Sup
(10AF)

PA14 Sup
(AF13073)

PAO1 Sup
(10AF)

Pa sup 1:256 S I I

Pa sup 1:512 S S S

Pa sup 1:1024 S S S

VCZ 0.125 VCZ 0.125 VCZ 0.125

B Pa10 Sup
(10AF)

Pa sup 1:256 I

Pa sup 1:512 I

Pa sup 1:1024 S

VCZ 0.125
(S = synergy, I = independence).

The most synergistic results were obtained when concentrations of bacterial super-
natants were used, which by themselves had weak anti-fungal activity (1:1024 for PA14
and PAO1, 1:256 for Pa10).

Synergy of P. aeruginosa supernatants and VCZ against A. fumigatus forming biofilms
is therefore not restricted to individual bacterial or fungal strains.
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Figure 3. Increased anti-fungal effects by combinations of VCZ and P. aeruginosa supernatants were
independent of the bacterial or fungal strains used. PA14 (A), PAO1 (B), or reference non-mucoid
CF isolate Pa10 (C) bacteria (5 × 107/mL in RPMI 1640 medium) supernatants were diluted to
final concentrations of 1:256 to 1:1024 (A,B) or 1:64 to 1:256 (C), and combined with VCZ 0.125 µM
to test their combined antifungal activities against AF13073 (A) or 10AF-forming biofilm (B,C)
(105 conidia/mL in RPMI 1640 medium). Assay plates were incubated at 37 ◦C overnight. Fungal
metabolism was measured by XTT assay. Statistical analysis: metabolism in the presence of RPMI
alone (white bar) was regarded as 100% and compared by unpaired t-test to VCZ alone (gray bar) and
P. aeruginosa supernatant dilutions alone (striped bars) and their combinations (gray striped bars).
One-way ANOVA: VCZ vs. all VCZ combinations. Unpaired t-test for each supernatant dilution vs.
its combination with VCZ: One, two, and three asterisks: p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively.
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2.4. Iron Interfered with P. aeruginosa/VCZ Synergy

In order to determine molecules in P. aeruginosa supernatants that might contribute
to synergistic reactions with VCZ against A. fumigatus forming biofilm metabolism, we
prepared PA14 supernatants in the presence of added iron. Iron suppressed the production
of the P. aeruginosa major siderophore pyoverdine, thereby decreasing anti-fungal activity.
Figure 4A shows that bacterial supernatants, prepared in the presence of iron at a dilution
of 1:256 or higher, no longer were anti-fungal (compare to Figure 1A) and were not able to
act synergistically with VCZ (compare to Figure 2B).
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Figure 4. P. aeruginosa siderophores contributed to antifungal effects of VCZ and P. aeruginosa
supernatants against A. fumigatus forming biofilm metabolism. PA14 supernatants (produced by
5 × 107 bacteria/mL in RPMI 1640 medium, containing 50 µM ferric iron) (A), or PA14∆pvdD/∆pchE
supernatants (produced by 5 × 107 bacteria/mL in RPMI 1640 medium) (B) were combined with
VCZ (0.125 µM) at dilutions of 1:256 to 1:1024. 10AF (105 conidia/mL in RPMI 1640 medium) fungal
metabolism was measured by XTT assay. Statistical analysis: metabolism in the presence of RPMI
alone (white bar) was regarded as 100% and compared by unpaired t-test to VCZ alone (gray bar) and
P. aeruginosa supernatant dilutions alone (striped bars) and their combinations (gray striped bars).
One-way ANOVA: VCZ vs. all VCZ combinations. Unpaired t-test for each supernatant dilution vs.
its combination with VCZ: one, two, and three asterisks: p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively.
Asterisks indicate increased antifungal activities; pound signs indicate decreased antifungal activities.
Separate experiments showed that added iron at the concentrations studied did not affect VCZ
anti-fungal activity.
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BLISS Independence Model calculation revealed that interactions of supernatants,
prepared in the presence of added iron and VCZ, were mostly antagonistic. Table 3,
for comparative reasons using a VCZ concentration of 0.125 µM, showed antagonistic
results throughout, whereas combinations of bacterial supernatants with additional VCZ
concentrations also partially showed independent results (Table S3).

Table 3. Bliss Independence Model (PA14 supernatant in RPMI with iron, and PA14∆pvdD/∆pchE
supernatant combination effects with VCZ against 10AF forming biofilm).

PA14 Sup
(In RPMI with Iron) PA14∆pvdD/∆pchE

Pa sup 1:256 A I

Pa sup 1:512 A A

Pa sup 1:1024 A I

VCZ 0.125 VCZ 0.125
(I = independence, A = antagonism).

Supernatants of a PA14 mutant unable to produce the major siderophores pyover-
dine and pyochelin (PA14∆pvdD/∆pchE) showed some anti-fungal activity of their own
(Figure 4B). PA14∆pvdD/∆pchE supernatants in combination with VCZ showed no dose–
response curve, and anti-fungal activities of the combinations were much weaker than
observed for wild-type supernatants (compare Figure 4B to Figure 2B).

BLISS Independence Model calculations revealed that interactions were not syn-
ergistic, as observed for PA14 wild-type (compare Table 3 to Table 1). Further BLISS
Independence Model calculations and interactions of bacterial supernatant with additional
VCZ concentrations are provided in Table S3.

These data suggest that either pyoverdine or pyochelin, or a combination of both,
could explain the positive interaction of P. aeuginosa supernatants with VCZ against A. fu-
migatus forming biofilm metabolism.

2.5. Pyoverdine Contributed to P. aeruginosa/VCZ Synergy

A dose–response study with pure pyoverdine indicated its IC50 to be approximately
0.32 to 0.16 µM (Figure 5A). Combining pure pyoverdine with VCZ revealed synergy
against forming 10AF biofilm metabolism (Figure 5B, Table S4). Pyoverdine therefore
enhanced VCZ anti-fungal activity.

2.6. Pyochelin Contributed to P. aeruginosa/VCZ Synergy

Performing the same experiments as described in Figure 5, this time using pure
pyochelin, we found no or weak anti-fungal activity for concentrations up to 100 µM
(Figure 6A) but synergy of 25 to 100 µM pyochelin with VCZ (Figure 6B, Table S5). It is
curious that lower concentrations of pyochelin in 6B had stronger effects in combination
with VCZ compared to higher concentrations.

2.7. Pyocyanin Contributed to P. aeruginosa/VCZ Synergy

Figure 4A revealed that high dilutions of iron-rich Pa supernatants (1:256 to 1:1024)
did not act synergistically with VCZ, and Figures 5B and 6B confirm the contribution
of pyoverdine and pyochelin, respectively. Under non-limiting iron conditions, Pa not
only represses pyoverdine production but also increases production of pyocyanin and
other phenazines, which then exert anti-fungal activity. As iron-induced molecules might
be diluted to ineffective concentrations when using 1:256 and higher dilutions of bacte-
rial supernatants, we repeated the experiment shown in Figure 4A that involved high
dilutions of iron-rich Pa supernatants combined with VCZ by using lower dilutions of
PA14 supernatants that contain higher amounts of pyocyanin/phenazines. Our results
showed decreased anti-fungal activity of iron-rich supernatants at dilutions of 1:4 to 1:8
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in comparison to iron-limited supernatants (compare Figure 7A to Figure 1A), as well as
increased anti-fungal activity in combination with VCZ (Figure 7A, Table S6).
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and 0.016 µM) was combined with VCZ (0.125 µM) and tested for combined antifungal activity
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Figure 6. Pyochelin significantly increased anti-fungal effects of VCZ against A. fumigatus forming
biofilm metabolism. (A) Dilutions of pure pyochelin in RPMI (100 to 0.78 µM) were tested for
anti-fungal activity using forming 10AF (105 conidia/mL in RPMI 1640 medium) biofilm assays.
RPMI alone (white bar) was regarded as 100% and compared to all pyoverdine dilutions (black bars).
Statistical analysis: one-way ANOVA: one asterisk: p ≤ 0.05. (B) Pure pyochelin (100, 50, and
25 µM) was combined with VCZ (0.125 µM) to test for 10AF (105 conidia/mL in RPMI 1640 medium)
forming biofilm metabolism. 10AF metabolism was measured by XTT assay. Statistical analysis:
metabolism in the presence of RPMI alone (white bar) was regarded as 100% and compared by
unpaired t-test to VCZ alone (gray bar), pyochelin concentrations alone (striped bars), and their
combinations (gray striped bars). One-way ANOVA: VCZ vs. all VCZ combinations. Unpaired
t-test for each pyochelin concentration vs. its combination with VCZ: one, two, and three asterisks:
p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively.

As these supernatants do not contain pyoverdine (as verified by missing blue flu-
orescence under UV light [18]), but contain anti-fungal phenazines, we then tested for
combined anti-fungal effects of pure pyocyanin, a phenazine induced by iron, and VCZ,
and found positive interaction (Figure 7B, Table S6).

In summary, VCZ anti-fungal activity is supported by pyoverdine, pyochelin, and
pyocyanin, depending on the milieu being limited, or not limited, for iron.
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Figure 7. Phenazines/pyocyanin significantly increased anti-fungal effects of VCZ against A. fumiga-
tus forming biofilm metabolism. (A) PA14 supernatant (produced by 5 × 107 bacteria/mL in RPMI
1640 medium, containing 50 µM ferric iron, FeCl3) was combined with VCZ (0.125 µM) at dilutions
of 1:4 to 1: 16. 10AF (105 conidia/mL in RPMI 1640 medium) fungal metabolism was measured by
XTT assay. Statistical analysis: metabolism in the presence of RPMI alone (white bar) was regarded as
100% and compared by unpaired t-test to VCZ alone (gray bar) and P. aeruginosa supernatant dilutions
alone (striped bars) and their combinations (gray striped bars). One-way ANOVA: VCZ vs. all VCZ
combinations. Unpaired t-test for each supernatant dilution vs. its combination with VCZ: One,
two, or three asterisks: p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively. Separate experiments showed that
added iron at the concentrations studied did not affect VCZ anti-fungal activity. (B) Pure pyocyanin
(1000, 500, and 250 µM) was combined with VCZ (0.125 µM) to test their combined anti-fungal effects
against 10AF (105 conidia/mL in RPMI 1640 medium) forming biofilm metabolism. 10AF fungal
metabolism was measured by XTT assay. Statistical analysis: metabolism in the presence of RPMI
alone (white bar) was regarded as 100% and compared by unpaired t-test to VCZ alone (gray bar),
pyocyanin concentrations alone (striped bars), and their combinations (gray striped bars). One-way
ANOVA: VCZ vs. all VCZ combinations. Unpaired t-test for each pyocyanin concentration vs. its
combination with VCZ: two or three asterisks: p ≤ 0.01, p ≤ 0.001, respectively.

2.8. PA14 Supernatant Supported Anti-Fungal Activity of VCZ against Planktonic A. fumigatus
Growth

We tested combined anti-fungal effects against planktonic A. fumigatus growth. We
found that the combination with P. aeruginosa supernatants improved the MIC and MFC
of VCZ with strong synergistic effects (Table 4). This corroborates the findings with
A. fumigatus biofilms.
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Table 4. MIC, MFC, FICi, and FFCi values for PA14 supernatants, VCZ, as well as combinations of
both against planktonic 10AF growth.

MIC MFC FICi FFCi

PA14 supernatant 1:32 No MFC - -

VCZ 0.5 µM 16 µM - -

Combination 1:32 + 0.125 µM 1:256 + 8 µM 0.28 0.5

3. Discussion

A. fumigatus–P. aeruginosa coinfections trigger more severe outcomes than each mono-
infection [13,14]. This could be a result of inflammatory signals caused by intermicrobial
competition. Several P. aeruginosa molecules have been identified that interfere with
fungal metabolism or growth via molecules such as phenazines, e.g., pyocyanin, or di-
rhamnolipids [16]. Using defined media and an array of P. aeruginosa mutants, we recently
found that under low iron conditions, pyoverdine is the major anti-fungal P. aeruginosa
product, inhibiting A. fumigatus metabolism and growth by binding and withholding ferric
iron from the fungus. Under high iron conditions, P. aeruginosa no longer produces pyover-
dine, and thus anti-fungal effects of phenazines become more prominent [19]. Lungs of
persons with CF tend to have higher iron content than infected non-CF lungs or healthy
lungs [20]. The iron content in infected lungs varies by compartments, with mucoid plugs
being low in iron [21], whereas micro-hemorrhages and hemoptysis provide higher iron
levels. We also could show that the P. aeruginosa product 3,4-dihydroxy-2-heptylquinoline
(PQS) uniquely affects A. fumigatus metabolism in two ways, depending on the concentra-
tions of iron present: inhibiting the fungus under low iron conditions while promoting
fungal metabolism under high iron conditions [22].

Treatment of A. fumigatus infections of the lung with azoles is common [10,11]. Given
that P. aeruginosa products inhibit A. fumigatus metabolism, it seemed feasible that some of
those products interacted with anti-fungal therapy. In fact, we found synergistic anti-fungal
activity between VCZ and P. aeruginosa supernatants that was mediated by e.g., pyoverdine
and pyochelin under low iron conditions, and pyocyanin under high iron conditions.
VCZ MIC and MFC improved when combined with P. aeruginosa supernatants. There are
likely other P. aeruginosa products able to synergistically interact with azoles and maybe
with other anti-fungal agents that we did not test here. Preliminary results (unpublished)
indicate that products of other bacterial species, e.g., the Burkholderia cepacia complex, affect
azoles as well.

Through using several P. aeruginosa and A. fumigatus strains, we are confident that
synergy between VCZ and Pseudomonas supernatants is a general feature during co-
infections. We included a non-mucoid CF isolate (Pa10) and found synergy here as well.
We previously could show, in an iron-restricted liquid milieu, that clinical Pa isolates,
derived from persons with CF, have stronger anti-fungal activity than isolates derived from
non-CF infections; moreover, mucoid Pa isolates from CF patients were less antifungal
than non-mucoid isolates from CF patients. It remains to be seen if non-mucoid CF isolates
have stronger synergistic effects than mucoid CF isolates with azoles.

An interesting phenomenon we observed during our studies was that low-iron P. aerug-
inosa supernatants at some dilutions increased in anti-fungal activity compared to undiluted
or less diluted supernatants (e.g., Figure 1A). This phenomenon could either be explained
by an increased protective response by A. fumigatus to high amounts of pyoverdine, or
by the presence of pro-fungal factors in bacterial supernatants that at high concentrations
mask part of their anti-fungal effects. For its own protection, A. fumigatus releases its
siderophores into its growth medium to secure iron and withhold iron from its competi-
tors [23]. Preliminary results show that A. fumigatus strains lacking SidA production also
show the phenomenon of P. aeruginosa supernatant decreased anti-fungal activity at high
concentrations, making it more likely that there also are pro-fungal factors in bacterial
supernatants.
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Another interesting phenomenon was observed when the P. aeruginosa product py-
ochelin was combined with VCZ (Figure 6B). We observed synergistic effects that, contrary
to effects observed for other P. aeruginosa products, increased with decreasing concentra-
tions. We cannot yet explain this observation, but hypothesize that we might examine
pro-fungal effects of pyochelin in this situation.

In bacterial co-infections, VCZ might be effective at lower doses compared to A. fu-
migatus mono-infections. This might allow for the use of lower doses of VCZ and help to
avoid azole side effects. The presence of certain coinfections, or the treatment for some
mono-infections, will alter the subsequent microbiome [24]; can alter the subsequent clini-
cal course; and could make initiation of, and choice of, antifungal therapy more cogent.
Studies of any interactions with antifungal therapy need increased attention in view of
some reports indicating rising antifungal resistance in Af isolates [25–29].

Although bacterial virulence factors would be unlikely to be clinically useful as anti-
fungal agents, we see a wide field for the discovery of new agents here but would like to
caution the community to the fact that treating bacterial co-infections of aspergillosis might
require an adjustment in the dose of the anti-fungal used for therapy, and that treatment of
Pseudomonas might make therapy of A. fumigatus more difficult.

4. Materials and Methods
4.1. Materials

Pyocyanin, pyoverdine, pyochelin, ferric iron (FeCl3), 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT), menadione, and RPMI
1640 medium were purchased from Sigma-Aldrich (St. Louis, MO, USA). Iron contents
in RPMI 1640 medium were below the detection limit (<1 µM, measured by inductively
coupled plasma optical emission spectroscopy; Paolo Visca, Rome, Italy, personal commu-
nication). Voriconazole 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, and thus did not require dedicated DMSO controls. Large
batches of the reagents were prepared in aliquots and frozen, and a fresh aliquot was used
in each experiment.

4.2. Strains and Isolates

All bacterial and fungal strains used in this study are provided in Table 5. The use
of all microbes in our laboratory is approved by the CIMR Biological Use Committee
(approval No. 001-03Yr.15).

Table 5. Strains and isolates used in this study.

Organism Isolate Description ATCC References

Aspergillus
fumigatus 10AF Virulent patient isolate 90,240 [30,31]

Aspergillus
fumigatus AF13073 13,073

Pseudomonas
aeruginosa PA14 Parental strain of all PA14

mutants studied [32–34]

Pseudomonas
aeruginosa PAO1 15,692 [35]

Pseudomonas
aeruginosa Pa10 Reference non-mucoid CF

isolate [36]

Pseudomonas
aeruginosa PA14∆pvdD/∆pchE

Pyoverdine-pyochelin
double siderophore

mutant
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4.3. P. aeruginosa Planktonic Supernatant Production and Dilution

P. aeruginosa supernatants were prepared as detailed previously [36]. Briefly, P. aerugi-
nosa wild-type or mutant bacteria (5 × 107 cells/mL) were incubated in RPMI 1640 medium
(Sigma-Aldrich) with or without the addition of 50 µM FeCl3 at 37 ◦C and 100 rpm for
24 h. Bacterial cultures were centrifuged at 2000 rpm for 30 min at room temperature and
filtered for sterility (0.22 µm). Supernatants were diluted in RPMI in 1:2 steps with final
concentrations ranging from 1:2 to 1:2048.

4.4. 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 assays were evaluated by XTT metabolic assay as detailed previously [36,37].
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 transferred to a fresh 96 well plate (100 µL) and assayed using a plate reader (Vmax,
Molecular Devices, San Jose, CA, USA) at 490 nm.

4.5. Minimal Inhibitory Concentration (MIC), Minimal Fungicidal Concentration (MFC),
Fractional Inhibitory, and Fungicidal Concentration Indexes (FICi and FFCi)

Fifty microliters of VCZ (drug A, range 0.09–45.8 µM, corresponding to 0.032–16 µg/mL)
was distributed in rows and 50 µL of P. aeruginosa supernatant (drug B, range 1:10–1:2560)
was distributed in the columns for the interaction. Nine hundred microliters of standard-
ized inoculum were added to the tubes. Tubes were incubated for 48 h at 35 ◦C before
reading of MICs. Fractional inhibitory concentration index (FICi) was determined by the
equation: FICi = (MICA in combination/MICA tested alone) + (MICB in combination/MICB
tested alone). The fractional fungicidal concentration index (FFCi) was calculated and
interpreted in the same way as described for FICi. The assay was performed in duplicate.

Drug interactions were classified as strong synergism when FICi or FFCi < 0.5; weak
synergism when 0.5 ≤ FICi or FFCi < 1; additive when 1 ≤ FICi or FFCi < 2; indifferent
when FICi or FFCi = 2; and antagonistic when FICi or FFCi > 2 [38].

To determine the minimum fungicidal concentration (MFC), we plated 50 µL of each
tube without visual growth on Sabouraud agar and incubated the mixture at 35 ◦C for 24 h.
MFC was considered the minimal concentration of the drug resulting in killing ≥99% of
the inoculum.

4.6. BLISS Independence Model for Analysis of Drug Combination Effects

Combined drug effects were also calculated using the BLISS Independence Model as
described previously [39]. Briefly, if drugs A (VCZ) and B (P. aeruginosa supernatant) inhibit
Ya and Yb percent of growth, respectively, their predicted combined effect (considering
they work independently) is given by the following formula: Yp

ab = Ya + Yb − YaYb. The
predicted combined effect is compared to the observed combined effect (anti-fungal activity
by the drug combination in XTT assays). The result is interpreted as

- Observed > Predicted: Synergy
- Observed = Predicted: Independent (5% range of Yp

ab)
- Observed < Predicted: Antagonism

(abbreviations: S = synergy, I = independence, A = antagonism, Ya = inhibition of
fungal metabolism by respective VCZ, Yb = inhibition of fungal metabolism by respective
Pa sup, Yo

ab = observed combined antifungal effect, Yp
ab = predicted combined antifun-

gal effect).
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4.7. Statistical Analysis

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

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10050519/s1, Table S1: Bliss Independence Model calculation: PA14 supernatant
and VCZ (µM) combined effects against 10AF forming biofilm. Table S2: Bliss Independence Model
calculation: PA14 supernatant and VCZ (µM) combined effects against AF13073 forming biofilm
and P. aeruginosa, PAO1 and Pa10, supernatants, combined with VCZ against 10AF forming biofilm.
Table S3: Bliss Independence Model calculation: PA14 supernatant (in RPMI with iron, concentrations
1:256 to 1:1024) or PA14∆pvdD/∆pchE supernatant at low concentrations (1:256 to 1:1024), combined
with VCZ (µM); combined effects against 10AF forming biofilm. Table S4: Bliss Independence Model
calculation: pyoverdine (µM) and VCZ (µM) combination effects against 10AF forming biofilm.
Table S5: Bliss Independence Model calculation: pyochelin (µM) and VCZ (µM) combination effects
against 10AF forming biofilm. Table S6: Bliss Independence Model calculation: upper part: PA14
supernatant (in RPMI with iron concentrations 1:4 to 1:16), lower part: pyocyanin (µM). Combination
effects with VCZ (µM) against 10AF forming biofilm.
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