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Objectives: Patients suffering from invasive mycoses often receive concomitant antifungal therapy and
antibacterial agents. Ciprofloxacin, a carboxyfluoroquinolone, was previously observed to demonstrate
the pharmacodynamic interactions with antifungal agents by altering their growth inhibitory activity
against Candida albicans and Aspergillus fumigatus. However, little is known about the interaction
between other extended-spectrum fluoroquinolones, such as levofloxacin and moxifloxacin, and anti-
fungal agents against C. albicans and A. fumigatus.

Methods: Using a microdilution chequerboard technique, we employed isobolographic analysis
adapted to incorporate a non-active agent in order to analyse the potential in vitro interaction between
ciprofloxacin, levofloxacin or moxifloxacin and the following representative antifungal agents: ampho-
tericin B, fluconazole or voriconazole and caspofungin.

Results: Synergistic interactions [interaction indices (lis) 0.69-0.83, P < 0.05] were observed between
amphotericin B (0.07-0.31 mg/L) and either ciprofloxacin (0.19-7.65 mg/L) or levofloxacin (0.41-—
32.88 mg/L) against C. albicans and A. fumigatus. Synergy (lis 0.56—-0.87, P < 0.05) also was found
between voriconazole (0.09-0.14 mg/L) and ciprofloxacin (0.22—-11.41 mg/L) as well as between caspo-
fungin (8.94-22.07 mg/L) and levofloxacin (0.14-5.17 mg/L) against A. fumigatus. Some antagonistic
(lis 1.16-1.29, P < 0.05) interactions were observed between fluoroquinolones and fluconazole against
C. albicans. In general, ciprofloxacin enhanced the activity of antifungal agents more than moxifloxacin
and levofloxacin against both C. albicans and A. fumigatus.

Conclusions: The knowledge of the pharmacodynamic interactions between fluoroquinolones and anti-
fungal agents may guide selection and potentially improve the outcome of immunosuppressed
patients with concurrent bacterial and fungal infections.
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Introduction receive antifungal therapy concomitantly with antibacterial
agents such as the fluoroquinolones.'*
Patients at risk for invasive fungal infections are also at risk for Ciprofloxacin, a carboxyfluoroquinolone,®> was previously

developing bacterial infections. Therefore, these patients often  found to interact pharmacodynamically with antifungal agents
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by altering their growth inhibitory activity against Candida
albicans and Aspergillus fumigatus.4 In vivo studies also have
demonstrated enhancement of the efficacy of antifungal agents
when they combined with fluoroquinolones against experimental
invasive candidiasis and aspergillosis.’~’ Thus, fluoroquinolones
may interact with antifungal agents by altering their activity
against fungal pathogens. This interaction may have beneficial
implications for the outcome of antifungal therapy.

Little is known, however, about the interaction of other fluor-
oquinolones, such as moxifloxacin and levofloxacin, and antifun-
gal agents against C. albicans and A. fumigatus. We therefore
studied the comparative in vitro pharmacodynamic interactions
between ciprofloxacin, levofloxacin or moxifloxacin with
amphotericin B, fluconazole, voriconazole and caspofungin
against C. albicans and A. fumigatus, adapting the isobolo-
graphic analysis to incorporate a non-active agent. In the present
study, this analysis was used in order to describe the
concentration—effect curves of antifungal agents alone and in
combination with fluoroquinolones to obtain interaction indices
(Iis) quantifying the magnitude of synergy or antagonism and to
compare these indices among the three quinolones for each anti-
fungal agent.

Materials and methods

Isolates and medium

Three clinical isolates each of C. albicans (CA 362, CA 8621 and
CA 5685) and A. fumigatus [AF 2025, AF 4215 (ATCC
MYA-3626) and AF 2350] were used in this study. The strains were
stored on potato dextrose agar slants at —70°C. Candida and
Aspergillus conidia were collected with a wet swab from 1- to 2-
and 5- to 7-day-old cultures in Sabouraud dextrose agar, respect-
ively. Conidial suspensions were adjusted spectrophotometrically at
530 nm to 75% to 77% and 80% to 82% transmittance, respectively.
Conidial suspensions were diluted in order to obtain two times the
final inoculum, which ranged from 5x 10? to 2.5 x 10° cfu/mL for
Candida isolates and from 0.4 x 10* to 5 x 10* cfu/mL for
Aspergillus isolates in a medium consisting of RPMI 1640 medium
buffered at pH 7 with 0.165 M MOPS (BioWhittaker, Walkerville,
MD, USA). Candida parapsilosis (ATCC 22019), Candida krusei
(ATCC 6258), A. fumigatus (ATCC MYA-3626) and Escherichia
coli (ATCC 259222) were used as quality controls.

Antimicrobial compounds and combination
microtitration plates

Ciprofloxacin (Bayer AG, Leverkusen, Germany), moxifloxacin
(Bayer AG), levofloxacin (Bayer HealthCare AG, Germany),
amphotericin B (Ben Venue Laboratories, Inc., Bedford, OH, USA),
caspofungin (Merck and Company, Rahway, NJ, USA), fluconazole
(Pfizer Pharmaceuticals, New York, NY, USA) and voriconazole
(Pfizer Pharmaceuticals) were provided as clinical formulations and
prepared according to the manufacturer’s guidelines in order to obtain
working solutions of 200, 200, 200, 8, 2040, 8 and 10 mg/L, respect-
ively, in the assay medium. The drugs were serially diluted 2-fold in
the medium in order to obtain a 1:4 dilution, which ranged from
0.05 to 50 mg/L ciprofloxacin, 0.032 to 2.0 mg/L amphotericin B,
0.015 to 1 mg/L and 8 to 512 mg/L caspofungin for C. albicans and
A. fumigatus isolates, respectively, 0.03—-2mg/L fluconazole
for C. albicans isolates and 0.03 to 2 mg/L voriconazole for

A. fumigatus isolates. The ranges of the antifungal drug concentrations
were chosen in order to be around the MICs. The ranges of the con-
centrations of the fluoroquinolones were selected in order to rep-
resent achievable concentrations in the plasma.® Fifty microlitres
of each antifungal agent concentration and its drug-free control were
combined with 50 pL of each concentration of the fluoroquinolone
and its drug-free control in order to obtain a 12 x 8 chequerboard in
96-well flat-bottom microtitration plates (Corning Inc., Corning, NY,
USA). The plates were stored at —70°C and thawed on the day of
the experiment.

Susceptibility testing

Microtitration plates were thawed and 100 pL of conidial suspen-
sions were inoculated into each well. Plates were incubated at 37°C
for 24 h and fungal growth in each well was assessed visually with
the aid of a magnifying mirror. The MICs of amphotericin B, caspo-
fungin and voriconazole were defined as the lowest drug concen-
tration that showed no visible growth. The MIC of fluconazole was
defined as the lowest drug concentration showing slight growth
(20% compared with the drug-free control). Fungal growth was also
assessed spectrophotometrically at 405 nm with a spectrophotometer
(ELX808, Biotek Instruments, Winooski, VT, USA) and the percen-
tage of growth in each well was calculated based on the following
formula: (A4os of a well — background Aos)/(A405 of the drug-free
well — background A4os of the drug-free well)x 100%, where the
background A4ps was measured from a plate inoculated with a
conidia-free inoculum and handled in the same way as the inocu-
lated plates with the conidia-containing inocula. All studies for each
strain were replicated three times.

Isobolographic drug interaction analysis

The interactions between the antifungal agents and the fluoroquino-
lones were assessed using the isobolographic analysis of Loewe
additivity as described previously.* Initially, the En. model was
fitted with a non-linear non-weighted regression analysis (Graph Pad
Prism 4.0 Software, San Diego, CA, USA) to the concentration—
effect data of each antifungal drug alone and in combination with
each fluoroquinolone at mixtures with different proportions (P) of
antifungal agents (P = ECAa/ECpx, Where ECap is the concen-
tration of antifungal agent and ECyx is the concentration of anti-
fungal agents plus the concentration of the fluoroquinolone). The
proportions of amphotericin B, fluconazole and voriconazole in the
combination mixtures with each fluoroquinolone were 0.02, 0.04,
0.07, 0.14, 0.24 and 0.39. The proportions of caspofungin in the
mixtures were 0.02, 0.07, 0.14, 0.24, 0.39 and 0.56 for C. albicans
isolates and 0.84, 0.91, 0.95, 0.98 and 0.99 for A. fumigatus isolates.
For each mixture, the ECyyx corresponding to 50% of growth
(ECsomrx) obtained with the E,,, model was compared with the
isoeffective theoretical additive total concentration (ECsg ryg) calcu-
lated as ECSO,THE = ECSO,AA/(PAA+ PFQX ECSO,AA/ECSO,FQ), where
ECsp,aa and ECsg g are the concentrations of the antifungal drug
and the fluoroquinolone alone, respectively, corresponding to 50%
of growth and obtained from the E,,, model of the concentration—
effect curves of the drugs alone, and P, and Pg are the proportions
of the antifungal agent and the fluoroquinolone in the mixture,
respectively. However, since fluoroquinolones have no direct anti-
fungal activity, i.e. ECsg p>>ECso an, the above equation becomes:

ECso.aa

ECsotHE = 2
AA
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An Ii for each mixture was then calculated as the ratio ECsg yvirx/
ECsoug for each replicate. The interactions were analysed based
on ECsq because this endpoint is the most representative endpoint to
describe concentration—effect curves and it is commonly used to
quantify pharmacological actions. The analysis also was performed
with other endpoints corresponding to 15% and 85% growth inhi-
bition to ensure that the nature of interactions corresponds with
those found at 50% growth inhibition (data not shown). Finally, the
concentrations of antifungal agents and fluoroquinolones, where sig-
nificant interactions were observed, were determined and the median
and range were calculated for each combination and species.

Statistical analysis

Deviation from 1 of Iis obtained for all mixtures and isolates was
assessed statistically using the Wilcoxon signed rank test for each
species and combination. Significant synergy and antagonism were
concluded when the lis were statistically significantly (P < 0.05)
lower or higher than 1, respectively. In any other case, indifference
was concluded. Furthermore, the lis between the three fluoroquino-
lones and each antifungal agent were compared statistically using
the Kruskal-Wallis test followed by Dunn’s multiple comparison
test (P < 0.05) for all mixtures and isolates of each species.

Results

MICs and ECsps of single antifungal agents

The MICs of amphotericin B, fluconazole and caspofungin for
C. albicans strains were 0.125-0.5, 0.125-0.25 and 1.0-
2.0 mg/L, respectively. The median (range) ECsos of amphoteri-
cin B, fluconazole and caspofungin as determined by the Ej.x
model fitted to concentration—effect data of each drug individu-
ally were 0.12 (0.11-0.16), 0.09 (0.05-0.14) and 0.60 (0.07-
1.94) mg/L, respectively, for C. albicans isolates (Table 1).

The MICs of amphotericin B, voriconazole and caspofungin for
A. fumigatus isolates were 0.5—1.0, 0.5 and 128 mg/L, respectively.
The median (range) ECsos of amphotericin B, voriconazole and

Table 1. Antifungal and fluoroquinolone drug concentrations
against C. albicans (median and range among replicates and
different mixtures) for the combinations that showed statistically
significant interactions

Drug combination Antifungal agent (mg/L) Fluoroquinolone (mg/L)

CIP + AMB 0.12 (0.11-0.16) 1.12 (0.19-7.65)
CIP + FLC ND*? ND

CIP + CAS ND ND

LVX + AMB 0.26 (0.26-0.29) 1.62 (0.41-7.36)

LVX + FLC 0.27 (0.26-0.35)° 2.58 (0.41-16.6)°

LVX 4 CAS 0.64 (0.58-0.7) 7.58 (1.81-32.88)
MXF + AMB  ND ND

MXF + FLC 0.11 (0.09-0.12)° 1.08 (0.16—5.3)°

MXF + CAS 0.75 (0.67-0.94) 6.9 (2.93-16.69)

AMB, amphotericin B; CAS, caspofungin; CIP, ciprofloxacin;

FLC, fluconazole; LVX, levofloxacin; MXF, moxifloxacin.

“ND, not determined because no statistically significant interactions were
observed.

There were statistically significant antagonistic interactions for these
combinations.

caspofungin were 0.19 (0.09-0.54), 0.14 (0.03-0.24) and 15.54
(10.43-9.85) mg/L, respectively, for A. fumigatus isolates (Table 2).

Pharmacodynamic interactions for C. albicans

Different interactive patterns were observed between ciprofloxacin,
levofloxacin or moxifloxacin and antifungal agents (Table 1).
Significant synergy was found for the combination of
ciprofloxacin 4+ amphotericin B (Ii + statistical error = 0.69 +
0.03) and levofloxacin + amphotericin B (0.83 + 0.02) (Figure 1).
Significant antagonistic interactions were observed for the
combinations  levofloxacin + fluconazole  (li = 1.16 + 0.02)
and moxifloxacin + fluconazole (Ii = 1.29 + 0.07) (Figure 1).
The levofloxacin + caspofungin (Ii =091+ 0.01) and
moxifloxacin 4 caspofungin  (Ii = 0.84 + 0.05) combinations
were also synergistic (Figure 1). The synergistic interactions were
observed at 0.19-7.65 mg/L ciprofloxacin, 0.41-32.88 mg/L
levofloxacin and 2.93—-16.69 mg/L. moxifloxacin. The amphoteri-
cin B and caspofungin concentrations, where the synergistic inter-
actions were observed, were 0.11-0.29 and 0.58-0.94 mg/L,
respectively. The concentrations of levofloxacin and moxifloxa-
cin where antagonistic interactions were observed when com-
bined with fluconazole were 0.41-16.6 and 0.16-5.3 mg/L,
respectively.

Comparative pharmacodynamic drug interaction analysis
showed that the Iis of the ciprofloxacin + amphotericin B com-
bination were significantly lower than the Iis of levofloxacin +
amphotericin B and moxifloxacin + amphotericin B (P < 0.05),
indicating that amphotericin B interacts synergistically with
ciprofloxacin more strongly than with the other two fluoroquino-
lones against C. albicans (Figure 1). The lis of fluconazole +
moxifloxacin were slightly higher than the lis of the combination
fluconazole + ciprofloxacin (P < 0.05), indicating stronger
antagonism between fluconazole and moxifloxacin than with
ciprofloxacin (Figure 1). The strongest synergistic interaction
between caspofungin and the three fluoroquinolones was found
for moxifloxacin + caspofungin, with the lis significantly lower
than the lis of the combination ciprofloxacin + caspofungin
(Figure 1).

Table 2. Antifungal and fluoroquinolone drug concentrations
against A. fumigatus (median and range among replicates and
different mixtures) for the combinations that showed statistically
significant synergistic interactions

Drug combination Antifungal agent (mg/L) Fluoroquinolone (mg/L)

CIP + AMB 0.28 (0.23-0.31) 2.69 (0.81-7.78)

CIP + VRC 0.14 (0.09-0.14) 1141 (0.31-11.41)
CIP + CAS 17.92 (16.53-22.07) 0.97 (0.22-3.95)

LVX + AMB 0.14 (0.07-0.21) 1.36 (0.41-5.17)

LVX 4+ VRC ND?* ND

LVX + CAS 10.35 (8.94-15.85) 0.51 (0.14-3.1)

MXF + AMB ND ND

MXF + VRC ND ND

MXF + CAS ND ND

AMB, amphotericin  B; CAS, caspofungin; CIP, ciprofloxacin;

LVX, levofloxacin; MXF, moxifloxacin; VRC, voriconazole.
“ND, not determined because no statistically significant interactions were
observed.
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Figure 1. Box-whisker plots of the Iis for the combination between ciprofloxacin (CIP), levofloxacin (LVX) and moxifloxacin (MXF) and (i) amphotericin B,
(ii) fluconazole or (iii) caspofungin against three C. albicans isolates. The symbols * and T indicate statistically significant synergistic and antagonistic
interactions, respectively, using Wilcoxon’s rank test. The brackets at the top of the plots join the combinations for which statistically significant comparative

results (P < 0.05) were observed using the Kruskal—Wallis test.

Pharmacodynamic interactions for A. fumigatus

Ciprofloxacin had more synergistic interaction with antifungal
agents than moxifloxacin and levofloxacin did (Table 2). Synergy
was found for the combinations ciprofloxacin 4+ amphotericin B
(Ii = 0.61 +£0.03) and levofloxacin + amphotericin B (li =
0.87 £+ 0.06), for the combination ciprofloxacin + voriconazole
(Ii = 0.56 + 0.03) and for the combinations ciprofloxacin +
caspofungin (Ii = 0.6 + 0.04) and levofloxacin + caspofungin
(Ii = 0.87 £ 0.04) (Figure 2). The synergistic interactions were
observed at 0.22—11.41 mg/L ciprofloxacin and 0.14-5.17 mg/L
levofloxacin. The concentrations of amphotericin B, voriconazole
and caspofungin where these synergistic interactions were
observed were 0.07-0.31, 0.09-0.14 and 8.94-22.07 mg/L,
respectively.

The comparative pharmacodynamic analysis showed that the
lis of combinations with ciprofloxacin and the three antifungal
agents were significantly lower than the Iis of the combinations
with the other two fluoroquinolones (P < 0.05) and all three anti-
fungal agents, indicating that ciprofloxacin interacts synergistically
with the antifungal agents more strongly than moxifloxacin and
levofloxacin did against A. fumigatus isolates (Figure 2).

Discussion

Significant in vitro pharmacodynamic interactions were
found between antifungal agents and fluoroquinolones against
C. albicans and A. fumigatus. The synergistic activities that were
found are: (i) ciprofloxacin or levofloxacin with amphotericin B

Amphotericin B

Voriconazole

against C. albicans and A. fumigatus; (ii) ciprofloxacin with vori-
conazole against A. fumigatus; (iii) levofloxacin or moxifloxacin
with caspofungin against C. albicans; and (iv) ciprofloxacin or
levofloxacin with caspofungin against A. fumigatus. For both
C. albicans and A. fumigatus, ciprofloxacin had stronger synergistic
interactions with antifungal agents than levofloxacin and
moxifloxacin did. Antagonistic interactions were found between
levofloxacin  or moxifloxacin with fluconazole against
C. albicans.

Most in vitro combination studies have failed to find a signifi-
cant interaction between fluoroquinolones and antifungal agents,
despite in vivo data demonstrating enhancement of antifungal
therapy with fluoroquinolone therapy against experimental can-
didiasis.’~7 The data of such studies were usually analysed by
the fractional inhibitory concentration index. Previously, using
isobolographic analysis, we were able to find a significant in
vitro synergistic interaction between ciprofloxacin and anti-
fungals against C. albicans and A. fumigatus, indicating the
sensitivity of isobolographic analysis in detecting in vitro phar-
macodynamic interactions.* However, there were no reported
studies of the interactions between antifungal agents and other
fluoroquinolones that are administered concomitantly with anti-
fungal therapy. We therefore analysed the interaction between
ciprofloxacin, levofloxacin and moxifloxacin and antifungal
agents using isobolographic analysis mainly demonstrating sig-
nificant synergistic interactions.

The mechanisms of these interactions are not well under-
stood. Fluoroquinolones, by themselves, do not possess a signifi-
cant antifungal growth inhibitory activity. However,
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Figure 2. Box-whisker plots of the Iis for the combination between ciprofloxacin (CIP), levofloxacin (LVX) and moxifloxacin (MXF) and (i) amphotericin B,
(ii) voriconazole or (iii) caspofungin against three A. fumigatus isolates. The symbol * indicates statistically significant deviation of Iis from 1 using
Wilcoxon’s rank test. The brackets at the top of the plots join the combinations for which statistically significant comparative results (P < 0.05) were

observed using the Kruskal—Wallis test.
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fluoroquinolones have the capacity to bind to fungal topoisome-
rase.'” Thus, fluoroquinolones may inhibit fungal DNA replica-
tion and thereby exhibit an antifungal effect. Since this effect is
only apparent when fluoroquinolones are combined with antifun-
gal agents, it might be possible that antifungal agents may alter
fungal cell membrane permeability and thereby increase intra-
cellular concentrations of fluoroquinolones. This could explain
the synergistic interactions between antifungal agents and fluoro-
quinolones. Furthermore, fluoroquinolones may also enhance the
activity of antifungal agents resulting in synergistic interactions
by: (i) increasing intracellular levels of antifungal agents, as
fluoroquinolones are effluxed via ATP-binding cassette (ABC)
transporters,'""'? (ii) co-operating with amphotericin B mol-
ecules in forming pores in the fungal membrane,'"'* as fluoro-
quinolones and amphotericin B are also amphoteric molecules, '
and (iii) increasing the penetration of antifungal agents or
increasing the sensitivity of glucan synthase to echinocandins.
These hypotheses warrant further study.

The comparative pharmacodynamic interaction analysis
revealed stronger synergistic interactions with ciprofloxacin
than levofloxacin and moxifloxacin against A. fumigatus.
Physicochemical differences between ciprofloxacin, levofloxacin
and moxifloxacin (e.g. structure, lipophilicity and membrane
permeability)® may lead to differences in antimicrobial activity
and in pharmacodynamic interactions with the antifungal agents.
Notably, ciprofloxacin has the smallest molecular weight and is
less lipophilic, more water soluble and less permeable through
kidney cell lines than levofloxacin and moxifloxacin.'* Thus,
ciprofloxacin could be concentrated in the fungal cell membrane
in higher amounts than the other two fluoroquinolones.

The genus-specific differences between Candida and
Aspergillus in the interactions between fluoroquinolones and
antifungal agents reported here may be related to different affi-
nities for fungal topoisomerase or cell membrane transporter
molecules. For example, both ciprofloxacin and levofloxacin
have in common a 7-piperazine substitution on the 4-quinolone
molecule that may explain their common synergistic activity
with antifungal agents against A. fumigatus. Whereas, for
C. albicans, the greater interactive activity of levofloxacin and
moxifloxacin over that of ciprofloxacin may be related to the
8-isoxane and 8-methoxy substitutions, respectively, in compari-
son with no 8-substitutions for ciprofloxacin. Formal structure-
activity studies would be necessary to substantiate these
possibilities.

It is of note that antagonistic effects were observed for the
combinations of levofloxacin/moxifloxacin 4 fluconazole against
C. albicans. Antagonistic effects were also found for the combi-
nation of ciprofloxacin + fluconazole against one out of three
C. albicans isolates. However, since this phenomenon was not
noticed for the other two strains, the statistical analysis resulted
in indifference. In agreement with these findings, Petrou and
Rogers15 also found antagonism between ciprofloxacin and nor-
floxacin, and different azoles (ketoconazole, miconazole and
itraconazole) at 10 mg/L quinolones. The mechanism of the
antagonistic interaction between quinolones and azoles at high
concentrations of quinolones is not known. Previous studies
suggest that fluoroquinolones can be substrates of ABC.'''
Azoles are also substrates of MDR and CDR efflux pumps,
which belong to the ABC superfamily.l7 Thus a potential inter-
action between fluoroquinolones and triazoles may occur on the
ABC transporter function, which could result in increased efflux

of azoles from fungal cells, resulting in antagonism. Further
studies are required to reveal the mechanisms that explain the
antagonistic interactions between moxifloxacin/levofloxacin +
fluconazole against C. albicans.

The combination of amphotericin B with the quinolones was
synergistic in the present study. However, in a previous study,
we observed antagonism at a 0.01 proportion of amphotericin B
in the mixture and at ciprofloxacin concentrations of 44—64 mg/L.
Petrou and Rogers'> also found the same phenomenon at
100 mg/L. ciprofloxacin concentrations using the agar dilution
method. In the present study, amphotericin B proportions
ranged between 0.04 and 4; therefore this antagonism was not
observed.

The interaction between antifungal agents and quinolones
may not be purely pharmacodynamic as moxifloxacin alone
prolonged the survival of mice infected with C. albicans and
A. fumigatus."®'” Measurement of different cytokines indicated
that perhaps this was most likely due to an immunomodulating
activity conferred by moxifloxacin. This suggests that even if
fluoroquinolones do not always have pharmacodynamic syner-
gistic interaction with antifungal agents against C. albicans and
A. fumigatus, they can exhibit protective effects by immunomo-
dulatory mechanisms.

In conclusion, the present study demonstrated significant
in vitro interactions between fluoroquinolones and antifungal
agents against C. albicans and A. fumigatus. As immunosup-
pressed patients frequently require both antifungal and antibac-
terial therapy, the knowledge of the pharmacodynamic
interactions between these agents is important. The choice of the
best combination among the fluoroquinolones and an antifungal
agent could potentially improve the outcome of a patient with
concurrent bacterial and fungal infections.
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