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Abstract

Background: Methods to improve the clinical efficacy of currently available antibiotics against multidrug resistant bacteria in
cystic fibrosis (CF) chronic rhinosinusitis (CRS) are greatly needed. Ivacaftor, a cystic fibrosis transmembrane conductance
regulator potentiator, was recently identified as having potentially beneficial off-target effects as a weak inhibitor of bacterial
DNA gyrase and topoisomerase |V. The objective of the current study is to evaluate whether ivacaftor enhances the
antimicrobial activity of ciprofloxacin against Pseudomonas aeruginosa.

Methods: The planktonic growth of the PAO-I strain of P. aeruginosa was studied in the presence of ciprofloxacin and/or
ivacaftor. Effects were measured according to optical density of cultured PAO-I at 600 nm. For a static PAO-1 biofilm assay,
the PAO-| strain was inoculated and cultured for 72 h in the presence of the drugs. Formed PAO-| biofilms were quantified
by crystal violet staining and imaged with confocal laser scanning microscopy (CLSM) and scanning electron microsco-
Py (SEM).

Results: PAO-1 growth was significantly reduced in the presence of ivacaftor (8 or 16 pg/mL) and ciprofloxacin (0.02 or
0.05 pg/mL) compared to ciprofloxacin alone (P <.001). Similarly, ivacaftor (8 or 16 pig/mL) showed a significant reduction of
PAO-1| biofilms when treated with 0.05 pg/mL of ciprofloxacin. Significant synergism was noted between ciprofloxacin and
16 pg/mL of ivacaftor (P <.0001) in reducing planktonic growth and biofilm formation. Quantitative measurements with
crystal violet staining were correlated to CLSM and SEM images.

Conclusion: Ivacaftor enhanced ciprofloxacin’s antimicrobial activity against P. aeruginosa. Further studies evaluating the
efficacy of ivacaftor/ciprofloxacin combination for P. aeruginosa for CF CRS are warranted.
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rhinosinusitis (CRS) approaching 100% of individuals,
and the sinuses serve as a reservoir of recurrent infection
for the lower airway.'> Chronic pulmonary and sinus
infections in CF are particularly resistant to treatment
due to bacterial biofilm formation.> These complex
microbial communities are a major contributing factor
to medically recalcitrant CF infections. Bacterial bio-
films are 3-dimensional aggregates of bacteria encased
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in secreted exopolysaccharides (slime) and lack the
susceptibility to antibiotics that planktonic bacteria
demonstrate.* Bacteria in biofilms are known to be
approximately 100 to 1000 times more resistant to the
effects of antibiotics than planktonic bacteria and are
broadly resistant to antibiotics that attack only dividing
cells.>® The most frequently observed biofilms in
CF CRS are those formed by Pseudomonas aeruginosa,
Staphylococcus aureus, Haemophilus influenza, and
coagulative-negative staphyloccoci.”®

Sufficient and prolonged antibiotic courses are
required to ensure eradication of microorganisms in
CF airway disease. Incomplete treatment with concen-
trations under the minimal inhibitory concentration
(MIC) aggravate the development of antibiotic resis-
tance.” Methicillin-resistant Staphylococcus aureus and
multidrug resistant P. aeruginosa are common clinical
isolates of CF patients from sputum and sinus secretions
and a cause of antibiotic treatment failures since signif-
icantly high doses in a toxic range are needed to achieve
biofilm eradication.”'*!" Agents that enhance the anti-
microbial activity of currently available antibiotics rep-
resent a valuable and cost-effective means to improve
clinical efficacy against multidrug resistant bacterial
pathogens.'?

Ivacaftor is a cystic fibrosis transmembrane conduc-
tance regulator potentiator that enhances Cl™ secretion
in airway epithelia, including the sinonasal mucosa.'*'®
The drug was recently identified to have potentially ben-
eficial off-target effects as a weak inhibitor of bacterial
DNA gyrase and topoisomerase IV due to its potential
chemical similarity with ciprofloxacin (fluoroquino-
lones).'*!” Simultaneous delivery of ciprofloxacin and
ivacaftor may have synergistic bactericidal effects,
while also increasing mucociliary clearance by promot-
ing C1™ transport.'”'® The objective of the current study
was to evaluate whether ivacaftor enhances the antimi-
crobial activity of ciprofloxacin against P. aeruginosa.

Methods

Drugs

A 10 mg/mL aqueous stock solution of ciprofloxacin
hydrochloride (CF; GenHunter, Nashville, TN) was
diluted to desired concentrations in Luria-Bertani Miller
(LB-Miller) broth. Ivacaftor (VX-770; Selleckchem,
Houston, TX) was dissolved in dimethyl sulfoxide
(DMSO) to create ivacaftor stock solution (10 mg/mL).

Preparation of Pseudomonas aeruginosa PAO-| Strain

P. aeruginosa PAO-1 strain was obtained as a gift from
the University of Pennsylvania (Noam Cohen, MD).
The MIC of ciprofloxacin for strain PAO-1 used in

this study was 0.75 pg/mL. There was a linear relation-
ship between the colony forming unit (CFU) counts and
the optical density (OD) measurement. The OD of cul-
tured PAO-1 was measured at 600 nm using a microplate
reader (Synergy HK, BIO-TEK Instruments, Winooski,
VT). An ODygg of 0.1 was equal to 3 x 105 CFU/mL,
and OD readings between 0.2 and 0.8 are consid-
ered reliable.

Planktonic Growth of PAO-1 Strain

PAO-1 strain stock plates were inoculated by transfer-
ring bacterial frozen stock (—80°C) to 50 mL of Luria-
Bertani (LB)-Miller broth overnight (37°C) and shaken
at 200 rpm. Overnight cultures were transferred to 2
LB-Miller agar plates using quadrant streaking method
to ensure purity. After overnight growth (37°C), an iso-
lated colony was vortexed in deionized (DI) water and
used to create stock agar plates. For experiments, an
isolated colony was transferred to 10 mL of LB-Miller
broth and incubated (37°C) on a shaker (200 rpm) for 18
to 20 h overnight. Overnight stock was then diluted by a
factor of 10 in new LB-Miller broth and left to incubate
in identical conditions for 4 h; 100 ul of the PAO-1 cul-
ture was inoculated into 400 pl total of LB-Miller broth
and cultured for 4 h in a 24-well plate with different
concentrations of ciprofloxacin and ivacaftor. Ethanol
(50%) in LB-Miller broth inhibits planktonic growth
and served as the negative control.

Biofilm Formation of PAO-I

To determine synergistic effects of ciprofloxacin and iva-
caftor on PAO-1 biofilm formation, PAO-1 biofilms
were induced as previously described.'” The seeding con-
centration of PAO-1 (1 x 10%) was attained by diluting
cultures grown to an OD of 0.2 and confirmed with CFU
plate counts. The bacteria and drugs were suspended in
2mL of LB-Miller broth in a 24-well plate for 72 h at
25°C in static condition.

Crystal Violet Staining of Biofilms

For quantifying the PAO-1 biofilms developed on the
inner walls and the bottom of the 48-well plate, crystal
violet (CV) staining was used as previously described.?°
Cultured media were gently aspirated by pipette, the
wells washed by submerging the plates under DI water,
and then excess liquid blotted 3 times. Biofilms were
incubated for 15 min with 2 mL of 0.1% (w/v) CV.
After aspirating the excess CV, the plates were washed
3 times. The remaining CV was dissolved in 2 mL of
95% ethanol. Absorbance reading of the dissolved CV
was obtained at 590 nm.
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Bacterial Biofilm Viability

PAO-1 in LB-Miller media were incubated for 4 h in a
35-mm dish with a coverslip (MatTek, Ashland, MA).
PAO-1 biofilms formed on 14-mm glass coverslips were
stained with SYTO9 and propidium iodide staining
(BacLight™ Live/Dead Bacterial Viability Kit;
Molecular Probes, Eugene, OR). The viability of PAO-
1 was measured with confocal laser scanning microscopy
(CLSM; AIR, Nikon, Tokyo, Japan). Live and dead
bacteria were quantified using Image J (http://rsb.info.
nih.gov/ij/). Relative proportions of live and dead cells
were calculated by counting fluorescence-specific pixels
in digital fluorescent images. Five different images were
selected for analysis per condition.

Scanning Electron Microscopy

To observe the morphological difference of PAO-1 bio-
films in the presence of ciprofloxacin and ivacaftor, wells
were prepared for scanning electron microscopy (SEM) in
an identical fashion to CV staining except for the addition
of a cover slip inserted into the well in an upright position.
Coverslips containing PAO-1 biofilms were mounted on
aluminum stubs and prepared with Au-Pd sputter coating
to promote surface conductivity and reduce charging arti-
facts. The PAO-1 biofilms were imaged using a Quanta
FEG 650 Scanning Electron Microscope (FEI, Hillsboro,
OR) at an accelerating voltage of 20 kV.

Statistical Analysis

All experiments were performed at least 4 independent
times. Normalized values for relative planktonic growth
were expressed as+standard deviation of the mean.
Statistical analyses were conducted with Excel 2016
and GraphPad Prism 6.0 software (La Jolla, CA) using
a subgroup l-way analysis of variance (ANOVA) with
post hoc Tukey’s test with significance set at P <.05. For
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testing interaction between ciprofloxacin and ivacaftor, a
2-way ANOVA was performed with a post hoc
Tukey’s test.

Results

Antibacterial Activity of Ciprofloxacin and Ivacaftor
Against PAO-|

To determine the antibacterial activity of ciprofloxacin
against the PAO-1 strain in planktonic growth condi-
tions, escalating concentrations of 0.01, 0.02, 0.04,
0.05, 0.08, 0.1, 0.2, 0.5, and 1 pg/mL were used
(Figure 1). Dose-dependent inhibition of planktonic
growth was observed with escalating concentrations of
ciprofloxacin (range of ODggg: 0.07 +0.002 (1 pg/mL) to
0.27+0.01 (0.01 pg/mL), I-way ANOVA with post hoc
analysis P < .05). The 3 least subinhibitory concentra-
tions (0.01, 0.02, and 0.05 pg/mL) were selected to
study the synergistic effects of ciprofloxacin and ivacaf-
tor. Antibacterial activity of ivacaftor against PAO-1
was evaluated with escalating concentrations (8 pg/mL
to 72 pg/mL); 72 pg/mL was the highest concentration
dissolvable in LB-Miller broth. Weak dose-dependent
antibacterial activity was observed above 48 pg/mL
(Figure 2(A)). Antibacterial activity was also measured
against vehicle control (DMSO) to rule out solvent anti-
bacterial effects (Figure 2(B)). DMSO carrier did reduce
PAO-1 concentrations with escalating doses. To eliminate
the contribution of DMSQO’s antibacterial effect, the 8 and
16 pug/mL ivacaftor concentrations were selected where
the antibacterial effect of the vehicle was negligible.

Synergistic Effect on Planktonic Growth of PAO-|
by Ciprofloxacin and Ivacaftor

To evaluate the synergistic effect of ciprofloxacin and
ivacaftor, 3 ciprofloxacin concentrations (0.01, 0.02,

0.1 0.2 0.5 1 Negative

Ciprofloxacin (pg/ml)

Figure |. Effect of ciprofloxacin on the planktonic growth of PAO-1. Dose-dependent inhibition of planktonic growth was observed with
escalating concentrations of ciprofloxacin (P <.05). Asterisk represents significance compared to the control group (P <.05, |-way ANOVA

and Tukey’s test; n = 6).
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Figure 2. A, Effect of ivacaftor (VX-770) on the planktonic growth of PAO-I. Dose-dependent inhibition of planktonic growth was
observed with escalating concentrations of ivacaftor above 48 pg/mL. Asterisk represents significance compared to the control group
(P<.05, I-way ANOVA and Tukey’s test; n=6). B, Effect of corresponding dimethyl sulfoxide (DMSO) % served as dissolving agents of
ivacaftor on the planktonic growth of PAO-1: DMSO carrier did reduce PAO-| concentrations with escalating above 0.16%. Asterisk
represents significance compared to the control group (P <.05, I-way ANOVA and Tukey’s test; n =4).

and 0.05 pg/mL) were combined with ivacaftor at
concentrations of 8 or 16 pg/mL (Figure 3). Synergistic
antibacterial effect of ciprofloxacin and ivacaftor
was noticed at 0.02 pg/mL and 0.05 pg/mL of
ciprofloxacin with 8 and 16 ug/mL of ivacaftor although
only statistically significant at the 0.02 pg/mL
concentration of ciprofloxacin. Ivacaftor induced a
dose-dependent reduction in OD measurement when
8 and 16 pg/mL of ivacaftor were combined with
0.02 ug/mL of ciprofloxacin (P <.05). We also found
similar synergistic antibacterial activity of ciprofloxacin
at the 0.05 pg/mL concentration with 2 different concen-
trations of ivacaftor (8 pg/mL=0.198 £0.00; 16 pg/mL
=0.192+0.00) compared to ciprofloxacin alone
but statistical significance was lacking (P=.21). To
understand combined effects, a 2-way ANOVA
test was performed to demonstrate any statistically
significant synergism between ciprofloxacin and ivacaf-
tor.>! For antibacterial activity, statistically significant
synergism was noticed between ciprofloxacin and
16 pg/mL of ivacaftor (P < .0001). However, ciprofloxa-
cin and 8 pg/mL of ivacaftor did not act synergistical-
ly (P=.073).

Synergistic Effect on PAO-I Biofilm Formation by
Ciprofloxacin and Ivacaftor

PAO-1 biofilms were grown for 72 h in the presence of
different combinations of ciprofloxacin and ivacaftor
(Figure 4). There was no inhibitory effect on the forma-
tion of biofilms at lower ciprofloxacin concentrations
(0.01 pg/mL or 0.02 ug/mL). In contrast, higher concen-
trations (0.05 pg/mL ciprofloxacin and 8 and 16 pug/mL
of ivacaftor) significantly reduced biofilm mass in a syn-
ergistic fashion with ivacaftor. Similar to inhibition of
PAO-1 planktonic growth, 2-way ANOVA results indi-
cated that statistically significant synergism was noticed
between ciprofloxacin (0.05 pg/mL) and 16 pg/mL of
ivacaftor (P <.0001) in reducing PAO-1 biofilm forma-
tion. Quantitative measurements with CV staining were
correlated to CLSM and SEM imaging findings.
Bacterial viability was measured in the presence of cip-
rofloxacin (0.05 pg/mL) and ivacaftor (16 pg/mL) for 4h
in a static condition (Figure 5). Biofilm formation was
significantly decreased in the presence of ivacaftor/cip-
rofloxacin compared to ciprofloxacin or ivacaftor alone
(% of dead cells; control =23 4+ 5% ciprofloxacin =46
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Figure 3. Enhanced antibacterial activity of ciprofloxacin against Pseudomonas aeruginosa PAO-I in combination with different ivacaftor
concentrations. Antibacterial effects of ciprofloxacin and ivacaftor were noticed at the 0.02 pig/mL and 0.05 pg/mL concentrations of
ciprofloxacin with 8 and 16 pg/mL of ivacaftor. Two-way ANOVA demonstrated a statistically significant synergism between ciprofloxacin
and 16 pg/mL of ivacaftor (P <.0001). Asterisk represents significance of each ciprofloxacin group compared to its respective control group
(P <.05, I-way ANOVA and Tukey’s test). Three different concentrations of ciprofloxacin were used: 0.01, 0.02, and 0.05 pg/mL. Within
the same ciprofloxacin group, a statistical difference with P <.05 among different ivacaftor groups was marked by a #. NS means no
statistical significance. All groups consisted of at least 4 experiments.

1.5+ 1 0 pg/mL ivacaftor
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Figure 4. Combinational effect of ciprofloxacin and ivacaftor on Pseudomonas aeruginosa PAO-1 biofilms; 0.05 pg/mL ciprofloxacin and
8 and 16 pg/mL of ivacaftor significantly reduced biofilm mass in a synergistic fashion with ivacaftor. Statistically significant synergism was
noticed between ciprofloxacin and 16 pg/mL of ivacaftor (P <.0001) in reducing PAO-1 biofilm formation. Asterisk represent significance
compared to the control group (P <.05, 1-way ANOVA and Tukey'’s test). Three different concentrations of ciprofloxacin were used: 0.01,
0.02, and 0.05 pg/mL. Within the same ciprofloxacin group, a statistical difference with a P <.05 among different ivacaftor groups was
marked by a #. NS means no statistical significance. All groups consisted of at least 4 experiments.

+9%; ivacaftor alone=33+6%; ciprofloxacin+ a5 colonized through secreted extracellular polymeric
ivacaftor=80+1%, n=4 per condition, P<.0001).  gybstances (EPS) in controls (Figure 6(A)). In terms of
Ciprofloxacin and ivacaftor mediated inhibition of  morphology, samples treated with ciprofloxacin alone
PAO-1 biofilm mass (at 0.05 pg/mL and 16 pg/mL,  (0.05 ug/mL) or ciprofloxacin (0.05 pug/mL) + ivacaftor
respectively) and changes to the morphology of cells (16 pg/mL) both demonstrated destruction of EPS with
are reflected in SEM micrographs (Figure 6). PAO-1 residual filamentous cells due to inhibition of cell divi-
biofilm at maturation phase with rod-shaped bacteria sion from targeting DNA gyrase.”> However, weakly
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Figure 5. Representative confocal laser scanning microscopy
images of Pseudomonas aeruginosa PAO-1 biofilms after 4 h.

A, Control. B, Ciprofloxacin 0.05 pg/mL. C, Ivacaftor 16 pg/mL.
D, Ciprofloxacin 0.05 pg/mL and Ivacaftor 16 pg/mL; Green—live
cells; Red—dead cells. Scale bars are 20 pum.

Figure 6. Representative scanning electron microscopy images of
Pseudomonas aeruginosa PAO-| biofilms after 72 h. A, Control. B,
Ciprofloxacin 0.05 pg/mL. C, Ivacaftor 16 pg/mL. D, Ciprofloxacin
0.05 pg/mL and ivacaftor 16 pg/mL arrows—filamentous PAO-I.

Arrow heads—PAO-| biofilms with extra-cellular polymeric sub-
stances. Scale bars are 20 pum.

adherent P. aeruginosa isolates formed only a monolayer
when treated with both ciprofloxacin and ivacaftor
(Figure 6(D)) compared to moderate and strongly
adherent isolates forming clumps of cells in single ther-
apy samples (Figure 6(B) and (C)).

Discussion

To prevent antimicrobial resistance, combination treat-
ments have been used previously for P. aeruginosa infec-
tions.”> Human trials in patients with CF also showed
that P. aeruginosa resistance occurred less frequently
during combination rather than single therapy.>* In the
current study, ivacaftor enhanced the antimicrobial
activity of ciprofloxacin against the PAO-1 strain of
P. aeruginosa in both planktonic growth and biofilm-
forming mass. The synergy between ciprofloxacin and
ivacaftor ranging from sub-MIC to MIC concentrations
has not been previously elucidated. As the biofilm mass
of P. aeruginosa can easily form below the MIC, pre-
venting bacterial biofilms even at sub-MIC levels of anti-
biotics is a clinically practical strategy to treat chronic
CF airway infections.? Significant reduction of PAO-1
biofilm formation was observed when sub-MIC levels of
ciprofloxacin were combined with ivacaftor. This finding
suggests that improved treatment of recalcitrant
Pseudomonas infections is possible in CRS patients if
ivacaftor were coadministered with ciprofloxacin.

Reznikov et al. published positive interactions of iva-
caftor with other antibiotics suggestive of additivity or
synergy.'” When treated with ivacaftor (1 pg/mL),
vancomycin showed better antibacterial action against
Staphylococcus aureus than what was observed with van-
comycin alone. To achieve antimicrobial properties,
a concentration of ivacaftor higher than 1 pg/mL
(16 png/mL) was necessary to achieve synergism based
on our experiment. Because the serum concentration of
ivacaftor administered orally approximates 1 pg/mL, the
best way to achieve synergistic concentrations is through
topical delivery.?®

Drug delivery systems that provide prolonged muco-
sal contact time with local absorption and minimal
depletion are desired requirements for eradicating bio-
films.?” Many drugs used for CF upper and lower airway
infections are administered as topical therapy using
aerosolized or irrigation methods of delivery.”® In the
sinuses, drug-eluting implants can deliver continual
drug release with prolonged mucosal contact duration
and thus may provide a suitable therapeutic option.
We recently developed a novel ciprofloxacin-coated
sinus stent which releases antibiotics over a sustained
duration of several weeks.”” Combining ivacaftor with
ciprofloxacin as topical therapy incorporates several syn-
ergistic elements: (1) sustained release of ciprofloxacin
and ivacaftor for bactericidal effects and (2) ivacaftor
enhancement of sinus mucociliary clearance. The possi-
bility of introducing these 2 antimicrobials together into
devices such as drug-eluting sinus stents has potential
possibilities and deserves further study.

There are several limitations to this study. Ivacaftor is
dissolved in DMSO for in vitro assays, which can be
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toxic to multiple cell types. The drug has high bioavail-
ability upon ingestion, but different delivery mechanisms
and solvents will need to be tested in preclinical studies
before any future human trials. Lower concentrations of
ivacaftor with negligible toxic effects were used to test
synergism. Improved synergism at higher concentrations
(>16 pg/mL) is a possibility. In addition, only 1 strain of
P. aeruginosa was tested, which is well known for its
intrinsic resistance to a variety of antimicrobial agents
and toxic compounds.*® Further studies are planned to
test against different multidrug resistant strains of
P. aeruginosa.

Conclusion

Ciprofloxacin’s antimicrobial activity against the PAO-1
strain of P. aeruginosa was enhanced with ivacaftor.
Combination topical therapy represents a novel treat-
ment approach to recalcitrant P. aeruginosa infections
in CF airway disease. Translation of these findings to
preclinical trials is warranted.
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