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Abstract: Chronic infection and inflammation are the primary causes of declining lung function in
Cystic Fibrosis (CF) patients. ORKAMBI® (Lumacaftor-Ivacaftor) is an approved combination therapy
for Cystic Fibrosis (CF) patients bearing the most common mutation, F508del, in the cystic fibrosis
conductance regulator (CFTR) protein. It has been previously shown that ORKAMBI®-mediated
rescue of CFTR is reduced by a pre-existing Pseudomonas aeruginosa infection. Here, we show that the
infection of F508del-CFTR human bronchial epithelial (HBE) cells with lab strain and four different
clinical strains of P. aeruginosa, isolated from the lung sputum of CF patients, decreases CFTR function
in a strain-specific manner by 48 to 88%. The treatment of infected cells with antibiotic tobramycin
or cationic antimicrobial peptide 6K-F17 was found to decrease clinical strain bacterial growth on
HBE cells and restore ORKAMBI®-mediated rescue of F508del-CFTR function. Further, 6K-F17 was
found to downregulate the expression of pro-inflammatory cytokines, interleukin (IL)-8, IL-6, and
tumor necrosis factor-α in infected HBE cells. The results provide strong evidence for a combination
therapy approach involving CFTR modulators and anti-infectives (i.e., tobramycin and/or 6K-F17) to
improve their overall efficacy in CF patients.

Keywords: CFTR; correctors; antimicrobial peptide; tobramycin; infection; anti-inflammatory;
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1. Introduction

Cystic Fibrosis (CF) is a genetic disease that is caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene [1–3]. A deficient CFTR function causes the
failure of chloride secretion and sodium hyperabsorption at the apical airway surface, leading to
the dehydration of the airway surface, impaired mucociliary clearance, and the accumulation of
viscous mucus at the epithelial surface [4,5]. As a result, CF patients are prone to contracting bacterial
lung infections with the opportunistic pathogen P. aeruginosa [6]. Prolonged P. aeruginosa infections
have been linked to chronic inflammation in the CF lung [7,8], worsening the damage to lung tissue,
and leading to eventual respiratory failure [9]. More than 2000 CF-causing mutations have been
identified (www.genet.sickkids.on.ca; www.CFTR2.org). The most common mutation, the deletion of
phenylalanine at position 508 (F508del-CFTR), induces the misfolding of the protein, causing retention
in the ER and degradation by proteasomal pathways [10].
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CFTR correctors are pharmacological compounds that rescue the CFTR protein to the cell surface.
Lumacaftor (VX-809) has been shown to rescue F508del-CFTR function to approximately 15% of normal
channel activity in human bronchial epithelial cells when treated in combination with the potentiator
Ivacaftor (VX-770) [11]. The FDA approved the combination Lumacaftor-Ivacaftor (ORKAMBI®) for
patients bearing the F508del-CFTR mutation. However, clinical studies on ORKAMBI® demonstrated
that the response to treatments is variable among patients and the beneficial effects on lung function
remain less than expected [12,13]. Low efficacy and high patient-to-patient variation in ORKAMBI®

response might feasibly be attributed, in part, to differences in types of microbial infections across
patients and even within a single patient over time [14,15]. P. aeruginosa (lab strain PAO1) exposure has
been shown to reduce corrector-mediated rescue (VX-809 or VRT-325) of CFTR in human bronchial
epithelial cells (HBE) [16–18] and stimulate the expression of the pro-inflammatory cytokines, IL-6 and
IL-8 [18,19]. On the other hand, 4,6,4′-trimethylangelicin (TMA), which is a dual-acting compound
(CFTR corrector and potentiator), has been shown to exert its action by interacting directly with the
CFTR protein, and reducing P. aeruginosa-dependent IL-8 secretion [20–24].

Tobramycin is an FDA-approved aminoglycoside antibiotic that is used for the treatment of P.
aeruginosa pulmonary infection in CF patients [25]. Tobramycin’s effect on CFTR function remains
unclear, despite its demonstrated anti-infective activity. Tobramycin, like Geneticin (G418) and
Gentamicin, exhibits read-through ability on premature termination codons (PTCs) mutations [26].
Additionally, cationic antimicrobial peptides (CAPs) represent an important and underutilized resource
for combating infection in the CF lung [27,28]. CAPs are generally short, positively-charged,
amphipathic peptides that broadly function through the selective disruption of bacterial cell
membranes [29,30]. Recently, we showed the ability of the non-amphipathic antimicrobial peptide
6K-F17 to inhibit the growth of clinical multidrug resistant P. aeruginosa strains that were isolated
from chronically infected CF patients [31]. Further, 6K-F17 is highly effective in disrupting and
killing pre-formed multidrug resistant P. aeruginosa biofilms [32]. The co-treatment with tobramycin
demonstrated that 6K-F17 could potentiate tobramycin bacterial killing activity at low doses by helping
to eliminate pre-formed biofilms [32].

Pre-existing infections with clinical strains of P. aeruginosa emphasize the importance of coupling
ORKAMBI® treatment with anti-infectives to improve the rescue of F508del-CFTR function in vitro.
In the current study, we test the ability of tobramycin and 6K-F17 to eradicate lab and clinical strain
P. aeruginosa infections on top of WT- and F508del-CFTR human bronchial epithelial cells. We show
the negative impact that P. aeruginosa infections have on WT- and F508del-CFTR function, and how
the application of the anti-infectives tobramycin and 6K-F17 reverses infection-mediated decreases in
CFTR function.

2. Materials and Methods

2.1. Human Cell Line

16HBE14o-cells were genome-edited to produce the homozygous CFF-16HBEge CFTR F508del
cell line were obtained from the Cystic Fibrosis Foundation [33]. WT and F508del-HBE cells were
grown at 37 ◦C for 5 days post-confluence submerged on 96-well black well, clear bottom culture
plates (Costar, Amsterdam, The Netherlands) in Eagle’s minimal essential medium (EMEM) (Wisent
BioProducts, Saint-Jean-Baptiste, QC, Canada) with 10% Fetal Bovine Serum (Wisent BioProducts,
Quebec, Canada) and 1% Penicillin/Streptomycin (Wisent BioProducts, QC, Canada) [34].

2.2. Bacterial Strains

Lab strain Pseudomonas aeruginosa (PAO1) was purchased from Dharmacon Inc. (Lafayette, CO,
USA) and maintained as a frozen glycerol stock that was stored at −80 ◦C. Clinical isolates of persister
strains of P. aeruginosa (214, 287, 330, 380) were obtained with consent from the sputum of cystic
fibrosis patients at the Hospital for Sick Children (Toronto, ON, Canada) who had persisting infections
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post-treatment with inhaled tobramycin [Research Ethics Board (REB) #1000019444]. The cultures were
maintained as a frozen glycerol stock that was stored at −80 ◦C. Consent was obtained from a parent
or legal guardian if not of age. All of the methods were performed in accordance with the relevant
guidelines and regulations for research involving human subjects at the Hospital for Sick Children.
The liquid cultures were generated from the same glycerol stock for each experiment.

2.3. Peptide Synthesis and Quantification

6K-F17 (KKKKKK-AAFAAWAAFAA-NH2) was synthesized while using standard solid-state
Fmoc (Fluorenylmethyloxycarbonyl) [30,31]. (Fmoc-aminomethyl3,5-dimethoxyphenoxy)-valeric
acid-polyethylene glycol-polystyrene resin was used to produce an amidated C-terminus.
2-(7-Aza-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate and
N,N-diisopropylethylamine were used as the activation pair. Deprotection and peptide cleavage was
performed in a mixture of 88% TFA, 5% phenol, 5% water, and 2% triisopropylsilane for 2 h in the dark
at room temperature. Crude peptide was purified on a reverse-phase C4 preparative HPLC column
while using a linear gradient of acetonitrile in 0.1% TFA. The peptides were purified to >95%. Pure
lyophilized peptide was dissolved in ultrapure water and Trp absorbance at 280 nm recorded. Peptide
concentration was determined while using the extinction coefficient 5690 M−1

·cm−1. Peptide stocks
were stored at −20 ◦C and thawed immediately before use.

2.4. Infection of HBE Cells

Bacterial overnight cultures were grown from frozen glycerol stocks in tryptic soy broth (TSB) at
37 ◦C and 250 rpm. 1 mL of overnight culture was used to inoculate 20 mL of fresh TSB and the cultures
were grown at 37 ◦C, 250 rpm to an OD600 of 0.5. The cultures were harvested by centrifugation at 4250
rpm for 10 min, and briefly washed with phosphate buffered saline (pH 7.4), before being resuspended
in serum and antibiotic free EMEM media to a final OD600 of 0.05. A serial two-fold dilution of 6K-F17
in water was prepared in a sterile 96-well microtiter plate, to which infected or non-infected media,
with or without VX-809, was added. EMEM media on HBE cells was then replaced with 100 µL of
infected or non-infected media containing either peptide, water (positive control for bacterial growth),
or tobramycin (10 µg/mL; negative control for bacterial growth). The plates were incubated for four
hours at 37 ◦C with 5% CO2 in an incubator designated for infection studies. After four hours, the
media was removed from HBE epithelial cells and used in the microbial viability assay to quantify
the number of live bacteria. The plates were then either directly frozen (−80 ◦C) for messenger RNA
quantification or incubated with FLIPR dye for CFTR functional studies.

2.5. Microbial Cell Viability Assay

Bacteria cell viability was determined while using the BacTitre-GloTM Microbial Cell Viability Assay
(Promega, Fitchburg, WI, USA), as per the manufacturer’s protocol. Briefly, infected media was removed
from HBE epithelial cells and incubated with an equivalent amount of equilibrated BacTitre-GloTM

reagent (1:1 ratio) for five minutes in a Greinier opaque luminescence 96-well plate (Sigma-Aldrich,
St. Louis, MO, USA). Luminescence was read on a SpectraMax i3X Multi-Mode Assay Microplate
reader (Molecular Devices, San Jose, CA, USA). Raw luminescence units (RLU) of non-infected HBE
epithelial cells were used to subtract background from infected wells. The background-subtracted
luminescence values were normalized to infected HBE epithelial cells incubated with media alone
(no peptide or antibiotics) to give normalized bacterial growth (%). Significance was calculated while
using one-way ANOVA comparing the mean of infected HBE epithelial cells incubated with media
alone to cells incubated with peptide. The incubation with water or media alone was used as a positive
control for bacterial growth. Incubation with tobramycin (10 µg/mL) was used as a negative control for
bacterial growth. The confirmation of infected and non-infection wells was verified via the microbial
viability assay, as well as through streaking on TSB agar plates and incubation for 16 h at 37 ◦C.
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2.6. CFTR Channel Function in CFF-16HBEge CFTR Cells

WT and F508del-CFTR cells were grown at 37 ◦C for five days post-confluence submerged on
96-well black, clear bottom culture plates (Costar) in EMEM media (Wisent BioProducts) with 10% Fetal
Bovine Serum (Wisent BioProducts) and 1% Penicillin/Streptomycin (Wisent BioProducts). Twenty-four
hours before the assay, the F508del-CFTR HBE cells were treated with DMSO or 3 µM VX-809 in EMEM
media with 10% of FBS. The cells were then loaded with blue membrane potential dye dissolved
in chloride-free buffer (150 mM NMDG-gluconate, 3 mM potassium gluconate, 10 mM HEPES, pH
7.30, 300 mOsm). The plate was then read in a fluorescence plate reader (SpectraMax i3; Molecular
Devices) at 37 ◦C (excitation: 530 nm; emission: 560 nm). CFTR was stimulated with 10 µM Forskolin
(Sigma–Aldrich, St. Louis, MO, USA) and 1 µM VX-770 (Selleck Chemicals) for cells treated with
VX-809 for 24 h. The assay was terminated with 10 µM CFTRinh172 (Cystic Fibrosis Foundation
Therapeutics). The changes in membrane potential were normalized to the point before addition of
agonist and to the DMSO control response [22,35].

2.7. RNA Extraction and Quantification (qRT-PCR)

RNA extraction was performed according to the manufacturer’s protocol (Qiagen Micro or Mini
Kit) (Hilden, Germany). Briefly, cells were lysed, RNA extracted, and then RNA concentration was
measured while using a NanoDrop 2000 instrument (Thermo Fisher Scientific, Waltham, MA, USA).
Only samples with a concentration >100 ng/µL were used, with a 260/280 ratio between 1.8 and 2.1.
cDNA synthesis was performed while using reverse transcriptase (iSCRIPT cDNA synthesis kit, Biorad,
Hercules, CA, USA) or without reverse transcriptase (negative control). Quantitative real-time PCR
was performed while using Eva green (Ssofast Evagreen, Biorad, Hercules, CA, USA) fluorophore in
96-well plates (Biorad, Hercules, CA, USA) and then normalized to GADPH. The primers used for
amplification are: IL-8 forward: 5′-GACCACACTGCGCCAACA-3′, IL-8 reverse: 5′-GCTCTCTTCC
ATCAGAAAGTTACATAATTT-3”, TNFα forward: 5′-GGACCTCTCTCTAATCAGCC CTC-3′; TNFα
reverse: 5′-TCGAGAAGATGATCTGACTGCC-3′; IL-6 forward: v5′-CGGTACATCCTCGACGGC-3′;
IL-6 reverse: 5′-CTTGTTACATGTCTCCTTTCTCAGG-3′; GAPDH forward: 5′-CAAGAGCACAAG
AGGAAGAGAG-3′, GADPH reverse: 5′-CTACATGGCAACTGTGAGGAG-3′.

3. Results

Treatment with 6K-F17 decreases bacterial growth on infected WT- and F508del-CFTR human
bronchial epithelial cells. We exposed human bronchial epithelial cells (HBE) expressing WT- or
F508del-CFTR to laboratory strain P. aeruginosa PAO1 bacteria for four hours in the presence of increasing
concentrations of antimicrobial peptide 6K-F17 (2–128 µg/mL) and a single dose of tobramycin
(10 µg/mL) as a positive control for bacterial growth inhibition. PAO1 bacteria grow more efficiently
on F508del-CFTR than WT-CFTR HBE cells, as shown in Figure 1. PAO1 growth decreases in a 6K-F17
concentration-dependent manner for both infected WT- and F508del-CFTR expressing HBE cells.
WT-CFTR cells show a significant decrease in bacterial growth at the low dose of 2 µg/mL 6K-F17 (~44%
decrease in PAO1 growth), with the nearly complete elimination of bacterial growth at 128 µg/mL
(~96%), similar to that observed with (10 µg/mL) tobramycin (Figure 1; black bars). The increased
bacterial load on F508del-CFTR HBE cells (70% increase over WT-CFTR cells) requires higher doses of
6K-F17 to lower PAO1 growth (Figure 1; grey bars). In comparison, more than 64 µg/mL of 6K-F17 is
required to decrease PAO1 growth by 40% on F508del-CFTR HBE cells. The highest dose of 6K-F17
tested (128 µg/mL) decreased the PAO1 growth by over 80% on F508del-CFTR cells, confirming, for the
first time, the ability of 6K-F17 to exhibit antimicrobial activity against P. aeruginosa bacteria that were
grown atop HBE cells (Figure 1; grey bars) and highlighting the difficulty in eliminating infections on
top of F508del-CFTR cells vs. WT-CFTR cells.
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Figure 1. Antimicrobial activity of 6K-F17 on non-Cystic Fibrosis (CF) and CF epithelial cultures.
HBE cells were co-cultured with PAO1 bacteria for 4 h with increasing concentrations of 6K-F17
peptide (0–128 µg/mL) or 10 µg/mL tobramycin antibiotic (Tobra). Live bacteria were quantified
using the BacTitre-Glo Microbial Cell Viability assay (Promega) and normalized to bacterial growth
on WT-human bronchial epithelial cells (WT-HBE) cells alone (0 bar). PAO1 growth on WT-cystic
fibrosis transmembrane conductance regulator (WT-CFTR) is depicted by black bars, PAO1 growth on
F508del-CFTR in grey bars. Significance is reported as follows: ns, not significant; * p < 0.05, ** p < 0.01;
*** p < 0.001; **** p < 0.0001. Data shown represent the mean ± SEM (n = 3, 4; each dot represents one
biological replicate).

6K-F17 and tobramycin restore WT- and F508del-CFTR function in human bronchial epithelial
cells that were infected with lab strain P. aeruginosa. The FLIPR membrane polarization assay was used
to measure forskolin-mediated Cl− secretion to investigate the impact of P. aeruginosa infection on
WT- and F508del-CFTR function [36]. Forskolin (FSK) was applied to stimulate cAMP-activated Cl−

secretion through CFTR, which was later inhibited by the CFTR inhibitor CFTRInh-172. In this manner,
we were able to measure the response of CFTR Cl− secretion in HBE cells that were infected with P.
aeruginosa bacteria in real time in a high through-put manner.

We first investigated the effect of P. aeruginosa infection on WT-CFTR function (Figure 2). We
found that WT-CFTR function was reduced by approx. 50% after four hours of infection with PAO1
bacteria. Incubation with 128 µg/mL 6K-F17 or 10 µg/mL tobramycin restored WT-CFTR function
to that of non-infected cells. We then investigated 6K-F17’s ability to increase mutant F508del-CFTR
function in PAO1 infected HBE cells (Figure 3). As previously studied (14–16), we confirmed that
infection with PAO1 bacteria decreases F508del-CFTR function (Figure 3). We observe a nearly
50% loss in F508del-CFTR function after four hours of infection. Incubation with 6K-F17 shows
a concentration-dependent return of CFTR function to that of non-infected cells (Figure 3B). At a
dose of 128 µg/mL 6K-F17 or 10 µg/mL tobramycin, F508del-CFTR function was restored to that of
non-infected HBE cells (Figure 3). In comparison to the bacterial growth seen in Figure 1, the restoration
of F508del-CFTR function occurs at 6K-F17 concentrations, where there remains up to 20% bacteria
growth. The results suggest that 6K-F17 might be able to ameliorate the negative effects of P. aeruginosa
infection on CFTR function at sub-antimicrobial concentrations.
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Figure 2. 6K-F17 restores WT channel activity in human bronchial epithelial cells infected with P.
aeruginosa. WT CFTR HBE cells were incubated with 6K-F17 peptide alone (128 µg/mL) or with
PAO1 bacteria +/− 6K-F17 peptide (128 µg/mL) or tobramycin (10 µg/mL) for 4 h at 37 ◦C. (A)
Representative traces of WT-CFTR dependent chloride efflux while using the membrane depolarization
assay. Following a 5 min. baseline measurement, 10 µM Forskolin (FSK) was added. After 10 min, CFTR
inhibitor (CFTRinh-172, 10 µM) was added to deactivate CFTR, as noted by the change in the slope of
the curves. (B) Bar graphs show the mean (±SEM) of maximal activation of CFTR after stimulation by
FSK (n = 7–8; each dot represents one biological replicate). (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 3. 6K-F17 restores F508del-CFTR channel activity in human bronchial epithelial cells infected
with P. aeruginosa. (A) Representative traces of F508del-CFTR-dependent chloride efflux using the
membrane depolarization assay. F508del-CFTR HBE cells were incubated with PAO1 +/− 6K-F17
peptide (0–128 µg/mL) or tobramycin (10 µg/mL) for 4 hr. Following a 5 min. baseline measurement,
10 µM FSK + 1 µM VX-770 was added. After 10 min, CFTR inhibitor (CFTRinh-172, 10 µM) was added
to deactivate CFTR, as noted by the change in the slope of the curves. (B) Bar graphs show the mean
(±SEM) of maximal activation of CFTR after stimulation by FSK + 1 µM VX-770 (n = 3–4; each dot
represents one biological replicate). (** p < 0.01, *** p < 0.001).

The infection-induced expression of pro-inflammatory cytokines decreases with the treatment
of anti-infective peptide, 6K-F17. P. aeruginosa infections in the lung of CF patients have long
been associated with an increased inflammatory response and decreased CFTR function [18].
Pathogen-associated molecular pattern molecules (PAMPs), such as bacterial lipopolysaccharides (LPS),
have been known to induce pro-inflammatory signaling pathways, including the release of chemokine
interleukins [5,7]. The return of CFTR function at concentrations of 6K-F17, where significant bacterial
growth is still observed, led us to investigate the expression of the pro-inflammatory cytokines IL-6,
IL-8, and TNFα, which have been previously identified to play significant, detrimental roles in CFBE
cells when upregulated during infection [8].
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mRNA expression levels of IL-6, IL-8, and TNFα in PAO1 infected F508del-CFTR HBE cells
decrease in a 6K-F17 dose-dependent manner, as shown in Figure 4. A particularly strong response is
observed with IL-6, in which a significant decrease is observed at 4 µg/mL 6K-F17 (Figure 4A). The
treatment of non-infected F508del-CFTR cells with the same dose of 6K-F7 decreased mRNA expression
levels of pro-inflammatory cytokines (Figure 4), however mRNA levels are not statistically different
cells not treated with 6K-F17. These data suggest that 6K-F17 in non-infected cells may exhibit some
anti-inflammatory activity independent of infection. The incubation with Tobramycin also showed a
significant reduction of pro-inflammatory cytokines in F508del-CFTR HBE infected with PAO1, but not
in non-infected cells (Figure 4). A comparison to bacterial growth at the same concentrations of 6K-F17
(Figure 1) reveals that significant decreases in pro-inflammatory cytokines are observed when there
remains >50% bacterial growth, which suggests that 6K-F17 might be capable of inhibiting activation
of inflammatory pathways, likely through the neutralization of pathogen-associated molecular pattern
molecules, such as LPS [37].
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Figure 4. Inflammatory response to PAO1 infection is suppressed by 6K-F17 pre-treatment in human 
bronchial epithelial cells. (A–C) F508del-CFTR HBE cells were incubated with PAO1 +/− 6K-F17 or 10 
µg/mL Tobramycin (Tobra) for 4 h at 37 °C. (D–F) F508del-CFTR HBE cells were incubated with 
6K-F17 or 10 µg/mL Tobramycin (Tobra) for 4 h at 37 °C. Total RNA was extracted and qRT-PCR was 
performed in order to quantify IL-6, IL-8 and TNFα mRNAs. Data represent the mean ± SEM (* p < 
0.05, ** p < 0.01, *** p < 0.001; n ≥ 4; each dot represents one biological replicate). 

The treatment of F508del-CFTR cells with VX-809 does not decrease infection rate and does not 
potentiate 6K-F17 anti-infective activity. HBE cells were pre-incubated with VX-809 for 24 h prior to 
PAO1 infection and treatment with 6K-F17 or tobramycin to assess the impact of the corrector 
VX-809 on the infection rate and on F508del-CFTR function. The presence of the corrector VX-809 

Figure 4. Inflammatory response to PAO1 infection is suppressed by 6K-F17 pre-treatment in human
bronchial epithelial cells. (A–C) F508del-CFTR HBE cells were incubated with PAO1 +/− 6K-F17 or
10 µg/mL Tobramycin (Tobra) for 4 h at 37 ◦C. (D–F) F508del-CFTR HBE cells were incubated with
6K-F17 or 10 µg/mL Tobramycin (Tobra) for 4 h at 37 ◦C. Total RNA was extracted and qRT-PCR was
performed in order to quantify IL-6, IL-8 and TNFα mRNAs. Data represent the mean ± SEM (* p < 0.05,
** p < 0.01, *** p < 0.001; n ≥ 4; each dot represents one biological replicate).
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The treatment of F508del-CFTR cells with VX-809 does not decrease infection rate and does not
potentiate 6K-F17 anti-infective activity. HBE cells were pre-incubated with VX-809 for 24 h prior to
PAO1 infection and treatment with 6K-F17 or tobramycin to assess the impact of the corrector VX-809
on the infection rate and on F508del-CFTR function. The presence of the corrector VX-809 did not lower
bacterial load on PAO1 infected F508del-CFTR cells and did not improve the loss of F508del-CFTR
function in the infection model (Figure 5). The addition of 6K-F17 results in a dose-dependent decrease
in bacterial load, with a significant decrease being observed at the low dose of 16 µg/mL 6K-F17 (~20%
decrease in PAO1 growth), and the nearly complete elimination of bacterial growth at 128 µg/mL
(~80%)—similar to that observed with 10 µg/mL tobramycin (~95%) (Figure 5A).
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Figure 5. Anti-infectives restore VX-809 rescued F508del-CFTR channel activity in human bronchial
epithelial cells infected with P. aeruginosa. F508del-CFTR HBE cells were pre-treated with DMSO
or 3 µM VX-809 +/− 128 µg/mL 6K-F17 (c128) for 24 h prior to infection with PAO1 +/− 6K-F17
peptide (128 µg/mL) or tobramycin (10 µg/mL) for 4 hr. (A) A decrease in PAO1 growth is observed
when VX-809-treated F508del-CFTR are also treated with 6K-F17 in a dose-dependent manner. (B)
Bar graphs show the mean (±SEM) of maximal activation of F508del-CFTR after stimulation by
FSK+1 µM VX-770 (n = 3–6; each dot represents one biological replicate). (C) Representative traces of
F508del-CFTR-dependent chloride efflux while using the membrane depolarization assay. (* p < 0.05,
** p < 0.01; *** p < 0.001; **** p < 0.0001).
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Concentrations of 128 µg/mL 6K-F17 and 10 µg/mL tobramycin restore ORKAMBI®-mediated
rescue of F508del-CFTR function in PAO1 infected cells, returning the F508del-CFTR functional levels
to that of ORKAMBI®-rescued non-infected cells (Figure 5B,C). Moreover, chronic treatment with
128 µg/mL 6K-F17 (c128) for 24 h prior to infection results in the complete inhibition of bacterial growth
and restoration of F508del-CFTR function (Figure 5A,B), which indicates that the peptide is stable on
HBE cells over 24 h and it has the potential for preventive care. The results highlight the important
role infection plays in the ORKAMBI®-mediated rescue F508del-CFTR function.

6K-F17 restores ORKAMBI®-mediated rescue of F508del-CFTR channel activity in cells infected
with clinical strains of P. aeruginosa. Persister strains of P. aeruginosa (PA287, PA380, PA214, PA330)
isolated from the sputum of CF patients who have previously failed to eradicate infection after having
undergone treatment with inhaled tobramycin, were grown on F508del-CFTR HBE cells chronically
treated with VX-809. Notably, the clinical strains of P. aeruginosa grew less efficiently on F508del-CFTR
HBE cells than lab strain PAO1 (Figure S1 in Supplementary Materials)—a feature that likely speaks
toward the niche evolution of these strains to grow optimally within patient lungs [14,15]. The
decreased efficiency in growth does not translate to these strains being easier to kill; on the contrary,
they proved much more difficult to eliminate than PAO1 infections.

6K-F17’s anti-infective activity against the four clinical strains was tested at 128 µg/mL
(Figure 6A)—the dose that showed high clearance of bacterial growth and full return of F508del-CFTR
function against lab strain PAO1 bacteria. The treatment with tobramycin (10 µg/mL) was included
to provide a relative comparison. We found that clinical strains exhibited varying sensitivity to
tobramycin and 6K-F17. For two clinical strains—PA287 and PA214—6K-F17 decreased bacterial
growth to a similar level to tobramycin (Figure 6A). Extraordinarily, strain PA380, which shows high
resistance to tobramycin (100% bacterial growth), is sensitive to 6K-F17 (~40% decrease in bacterial
growth). This clinical strain’s response to 6K-F17, but not to tobramycin, represents an excellent
example of where traditional antibiotics can fail to eradicate infection, thereby requiring the use of
newer non-traditional antimicrobials.

Infection with clinical strains decreased F508del-CFTR function by 48–88%, dependent on the strain
(Figure 6B,C). The treatment with 6K-F17 (128 µg/mL) restored ORKAMBI®-rescued F508del-CFTR
function to that of non-infected cells, including PA330 and PA380, which still exhibited ~60% bacterial
growth (Figure 6A). Interestingly, despite the clinical strain PA380 being tobramycin resistant, treatment
with tobramycin restored ORKAMBI®-rescued F508del-CFTR function. A recent study by Manon et al.,
demonstrated a correlation between the efficiency of ORKAMBI® to correct CFTR function and
the amplitude of decrease in IL-8 mRNA level. These data may suggest that the reduction of
pro-inflammatory cytokines by 6K-F17 or Tobramycin restore ORKAMBI®-rescued F508del-CFTR
function. Full restoration of F508del-CFTR function without a complete decrease in bacterial growth
implies that 6K-F17 might exhibit PAMP-neutralizing activity against clinical strains of P. aeruginosa as
well as lab strain PAO1. Our results also show the beneficial effect of tobramycin treatment on restoring
F508del-CFTR function in HBE cells that were infected with both lab strain PAO1 and multidrug
resistant clinical strains of P. aeruginosa (Figure 6B,C).
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Figure 6. Anti-infectives restore VX-809 rescue of F508del-CFTR channel activity in human bronchial
epithelial cells infected with clinical P. aeruginosa strains. F508del-CFTR HBE cells were cultured for
24 h with 3 µM VX-809 and co-cultured with clinical P. aeruginosa strains isolated from the sputum of
CF patients for 4 h +/− 6K-F17 peptide (128 µg/mL) or tobramycin (10 µg/mL). (A) Live bacteria were
quantified and normalized to bacterial growth on HBE cells alone (0 bar). 6K-F17 significantly inhibits
the growth of clinical P. aeruginosa strains, in one instance decreasing growth to a tobramycin-resistant
strain (PA380) (n = 3–6). (B) Bar graphs show the mean (±SEM) of maximal activation of CFTR
after stimulation by FSK and VX-770 (n = 6; each dot represents one biological replicate). (C)
F508del-CFTR HBE cells were incubated with 3 µM VX-809 for 24 h and co-cultured with clinical
P. aeruginosa strains +/− 6K-F17 or 10 µg/mL tobramycin antibiotic for four hours. Representative traces
of F508del-CFTR-dependent chloride efflux in HBE. * p < 0.05, ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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4. Discussion

Chronic infection and inflammation are the primary causes of declining lung function in CF
patients [6–9]. Our studies provide the first in vitro evidence that anti-infectives—in addition to
eliminating growth of lab and clinical strains of P. aeruginosa—help to restore infection-mediated losses
in CFTR function (Figure 7). For each cell line tested, infection with lab strain PAO1 bacteria resulted
in ~50% decrease in CFTR function relative to non-infected cells (Figures 2, 3 and 5). This broad loss in
CFTR function, even in ORKAMBI®-rescued F508del-CFTR cells, implies that a similar response to
bacteria is responsible for the loss in CFTR function. It has previously been shown that expression of
mature CFTR to the apical membrane decreases upon infection with P. aeruginosa bacteria [16–18], even
in cells that were pre-treated with CFTR correctors (VX-809 or VRT-325) [17,18]. Further, Bomberger
et al., have shown that outer membrane vesicles secreted from P. aeruginosa increase the degradation
of apical CFTR by redirecting recycled CFTR from endosomes to lysosomes [38,39]. Thus, it is likely
the decreases we observe in WT- and F508del-CFTR function are similarly linked to decreased levels
of CFTR at the apical membrane. Infection of ORKAMBI®-rescued F508del-CFTR cells with clinical
strains of P. aeruginosa that were isolated from the sputum of CF patients showed a range in loss of CFTR
function, with one strain reducing CFTR activity by as much as 88% (Figure 6C; strain PA330). This
observed high variation in F508del-CFTR activity in response to several clinical strains of P. aeruginosa
might relate to the observed variation in ORKAMBI® response in CF patients in vivo [12,13].
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Figure 7. Schematic of P. aeruginosa infection of F508del-CFTR HBE cells. HBE cells are depicted
in beige, with mucus on top of the apical membrane rendered in green. F508del-CFTR protein is
shown in blue with Cl− ions as green circles. P aeruginosa bacteria are shown in purple with 6K-F17
peptide (sequence: KKKKKKAAFAAWAAFAA-amide) depicted as grey helices with blue positive
charge on one terminus. Bacteria levels and mucus thickness decrease in 6K-F17 treated cells, as apical
F508del-CFTR protein levels and Cl− flux increase.

The inflammation in CF has long been recognized to play a detrimental role in CF prognosis,
worsening damage to lung tissue, and negatively impacting CFTR function [5,9,40]. We determined
the expression levels of mRNA encoding the three pro-inflammatory cytokines IL-6, IL-8, and
TNFα to help understand the impact that 6K-F17 treatment has on infection-mediated inflammation.
mRNA levels for all three cytokines increased upon infection of F508del-CFTR cells with PAO1 and
decreased with subsequent treatment with increasing doses of 6K-F17 (Figure 4). Notably, IL-6 mRNA
levels significantly decrease at concentrations of 6K-F17, where ~90% of bacteria are still present
(Figures 1 and 4A). The results suggest that 6K-F17 might have protective effects that extend beyond
simple antimicrobial activity, preventing the negative impacts of pathogen-induced inflammation at
sub-antimicrobial doses. One potential mechanism could be through the neutralization of LPS [41], a
PAMP that is known to trigger inflammation signaling pathways [42]. Various other antimicrobial
peptides have been shown to interact with and neutralize LPS to lower inflammatory responses to
pathogens [19]. The use of 6K-F17 at low—even sub-antimicrobial—dose levels or in combination with
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a strong antibiotic, such as tobramycin, may therefore prove to be beneficial to minimize detrimental
effects of infection-mediated inflammation.

Our approach of using the FLIPR membrane depolarization assay enabled us to record in real time
the CFTR-mediated Cl− flux across infected cells in a high throughput manner under several different
treatment conditions (e.g., concentration ranges of 6K-F17, with/without VX-809). The coupling of the
microbial cell viability assay with the FLIPR membrane depolarization assay provides a direct link
between infection status and diminishing CFTR function. This approach could prove valuable for the
screening of patient-specific responses to ORKAMBI® or TRIKAFTA rescue under infection conditions,
thus personalizing the combination therapy approaches of CFTR modulators with the appropriate
anti-infective (i.e., tobramycin and/or 6K-F17) and improving the efficacy in CF patients.

5. Conclusions

In the present work, we demonstrate that the antibiotic tobramycin and the cationic antimicrobial
peptide 6K-F17 were able to restore the ORKAMBI®-mediated rescue of F508del-CFTR function in
HBE cells by eliminating the P. aeruginosa infection. These data strongly suggest that in vitro screening
of patient-specific responses to CFTR modulators under infection conditions could prove to be valuable
for personalizing combination therapy approaches with the appropriate anti-infectives to improve the
efficacy of CFTR modulators in CF patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/2/334/s1,
Figure S1: Normalized P. aeruginosa growth in media and atop HBE cells.

Author Contributions: Conceptualization, O.L. and T.A.S.; methodology, O.L. and T.A.S.; validation, O.L. and
T.A.S.; formal analysis, O.L. and T.A.S.; investigation, O.L. and T.A.S.; resource, C.E.B. and C.M.D.; data curation,
O.L., T.A.S., C.E.B., C.M.D.; writing-original draft preparation O.L. and T.A.S., writing-review and editing
C.E.B. and C.M.D.; supervision C.E.B. and C.M.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants to C.E.B from Cystic Fibrosis Canada (CFC #3172) and from the
Canadian Institutes of Health Research (CIHR MOP-125855); and to C.M.D. from Cystic Fibrosis Canada (CFC
#480991) and from the Natural Sciences and Engineering Research Council of Canada (NSERC Discovery grant
#RGPIN-2016-05577).

Acknowledgments: CFF-16HBEge-CFTR-F508del cells were obtained through Cystic Fibrosis Foundation
Therapeutics. We thank John Brumell for sharing the incubator for infected cells.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Riordan, J.R.; Rommens, J.M.; Kerem, B.; Alon, N.; Rozmahel, R.; Grzelczak, Z.; Zielenski, J.; Lok, S.; Plavsic, N.;
Chou, J.L. Identification of the cystic fibrosis gene: cloning and characterization of complementary DNA.
Science 1989, 245, 1066–1073. [CrossRef]

2. Bear, C.E.; Li, C.; Kartner, N.; Bridges, R.J.; Jensen, T.J.; Ramjeesingh, M.; Riordan, J.R. Purification and
functional reconstitution of the cystic fibrosis transmembrane conductance regulator (CFTR). Cell 1992, 68,
809–818. [CrossRef]

3. Rowe, S.M.; Miller, S.; Sorscher, E.J. Cystic Fibrosis. N. Engl. J. Med. 2005, 352, 1992–2001. [CrossRef]
[PubMed]

4. Cohen-Cymberknoh, M.; Kerem, E.; Ferkol, T.; Elizur, A. Airway inflammation in cystic fibrosis: molecular
mechanisms and clinical implications. Thorax 2013, 68, 1157–1162. [CrossRef] [PubMed]

5. Stoltz, D.A.; Meyerholz, D.K.; Welsh, M.J. Origins of Cystic Fibrosis Lung Disease. N. Engl. J. Med. 2015, 372,
351–362. [CrossRef] [PubMed]

6. Lund-Palau, H.; Turnbull, A.R.; Bush, A.; Bardin, E.; Cameron, L.; Soren, O.; Wierre-Gore, N.; Alton, E.W.F.W.;
Bundy, J.G.; Connett, G.; et al. Pseudomonas aeruginosa infection in cystic fibrosis: pathophysiological
mechanisms and therapeutic approaches. Expert Rev. Respir. Med. 2016, 10, 685–697. [CrossRef] [PubMed]

7. Cabrini, G. Innovative Therapies for Cystic Fibrosis: The Road from Treatment to Cure. Mol. Diagn. Ther.
2019, 23, 263–279. [CrossRef]

http://www.mdpi.com/2218-273X/10/2/334/s1
http://dx.doi.org/10.1126/science.2475911
http://dx.doi.org/10.1016/0092-8674(92)90155-6
http://dx.doi.org/10.1056/NEJMra043184
http://www.ncbi.nlm.nih.gov/pubmed/15888700
http://dx.doi.org/10.1136/thoraxjnl-2013-203204
http://www.ncbi.nlm.nih.gov/pubmed/23704228
http://dx.doi.org/10.1056/NEJMra1300109
http://www.ncbi.nlm.nih.gov/pubmed/25607428
http://dx.doi.org/10.1080/17476348.2016.1177460
http://www.ncbi.nlm.nih.gov/pubmed/27175979
http://dx.doi.org/10.1007/s40291-018-0372-6


Biomolecules 2020, 10, 334 14 of 15

8. Reiniger, N.; Ichikawa, J.K.; Pier, G.B. Influence of Cystic Fibrosis Transmembrane Conductance Regulator
on Gene Expression in Response to Pseudomonas aeruginosa Infection of Human Bronchial Epithelial Cells.
Infect. Immun. 2005, 73, 6822–6830. [CrossRef]

9. Bhagirath, A.Y.; Li, Y.; Somayajula, D.; Dadashi, M.; Badr, S.; Duan, K. Cystic fibrosis lung environment and
Pseudomonas aeruginosa infection. BMC Pulm. Med. 2016, 16, 174. [CrossRef]

10. Lukacs, G.L.; Verkman, A.S. CFTR: folding, misfolding and correcting the ∆F508 conformational defect.
Trends Mol. Med. 2012, 18, 81–91. [CrossRef]

11. Van Goor, F.; Hadida, S.; Grootenhuis, P.D.J.; Burton, B.; Stack, J.H.; Straley, K.S.; Decker, C.J.; Miller, M.;
McCartney, J.; Olson, E.R.; et al. Correction of the F508del-CFTR protein processing defect in vitro by the
investigational drug VX-809. Proc. Natl. Acad. Sci. USA 2011, 108, 18843–18848. [CrossRef] [PubMed]

12. Wainwright, C.E.; Elborn, J.S.; Ramsey, B.W.; Rehman, A.; Baloch, N.U.-A.A.; Janahi, I. Lumacaftor–Ivacaftor
in Patients with Cystic Fibrosis Homozygous for Phe508del CFTR. N. Engl. J. Med. 2015, 373, 1783–1784.
[CrossRef] [PubMed]

13. Brewington, J.J.; McPhail, G.L.; Clancy, J.P. Lumacaftor alone and combined with ivacaftor: preclinical and
clinical trial experience of F508del CFTR correction. Expert Rev. Respir. Med. 2016, 10, 5–17. [CrossRef]
[PubMed]

14. Evans, T.J. Small colony variants of Pseudomonas aeruginosa in chronic bacterial infection of the lung in cystic
fibrosis. Future Microbiol. 2015, 10, 231–239. [CrossRef]

15. Winstanley, C.; O’Brien, S.; Brockhurst, M.A. Pseudomonas aeruginosa Evolutionary Adaptation and
Diversification in Cystic Fibrosis Chronic Lung Infections. Trends Microbiol. 2016, 24, 327–337. [CrossRef]

16. Trinh, N.T.N.; Bilodeau, C.; Maillé, É.; Ruffin, M.; Quintal, M.-C.; Desrosiers, M.-Y.; Rousseau, S.; Brochiero, E.
Deleterious impact of Pseudomonas aeruginosa on cystic fibrosis transmembrane conductance regulator
function and rescue in airway epithelial cells. Eur. Respir. J. 2015, 45, 1590–1602. [CrossRef] [PubMed]

17. Maillé, É.; Ruffin, M.; Adam, D.; Messaoud, H.; Lafayette, S.L.; McKay, G.; Nguyen, D.; Brochiero, E. Quorum
Sensing Down-Regulation Counteracts the Negative Impact of Pseudomonas aeruginosa on CFTR Channel
Expression, Function and Rescue in Human Airway Epithelial Cells. Front. Microbiol. 2017, 7, 470. [CrossRef]
[PubMed]

18. Stanton, B.A.; Coutermarsh, B.; Barnaby, R.; Hogan, D. Pseudomonas aeruginosa Reduces VX-809 Stimulated
F508del-CFTR Chloride Secretion by Airway Epithelial Cells. PLoS ONE 2015, 10, e0127742. [CrossRef]
[PubMed]

19. Bezzerri, V.; Avitabile, C.; Dechecchi, M.C.; Lampronti, I.; Borgatti, M.; Montagner, G.; Cabrini, G.; Gambari, R.;
Romanelli, A. Antibacterial and anti-inflammatory activity of a temporin B peptide analogue on an in vitro
model of cystic fibrosis. J. Pept. Sci. 2014, 20, 822–830. [CrossRef]

20. Favia, M.; Mancini, M.T.; Bezzerri, V.; Guerra, L.; LaSelva, O.; Abbattiscianni, A.C.; Debellis, L.; Alfarouk, K.;
Gambari, R.; Cabrini, G.; et al. Trimethylangelicin promotes the functional rescue of mutant F508del CFTR
protein in cystic fibrosis airway cells. Am. J. Physiol. Cell. Mol. Physiol. 2014, 307, L48–L61. [CrossRef]

21. Tamanini, A.; Borgatti, M.; Finotti, A.; Piccagli, L.; Bezzerri, V.; Favia, M.; Guerra, L.; Lampronti, I.; Gambari, R.;
Dall’Acqua, F.; et al. Trimethylangelicin reduces IL-8 transcription and potentiates CFTR function. Am. J.
Physiol. Cell. Mol. Physiol. 2011, 300, L380–L390. [CrossRef] [PubMed]

22. LaSelva, O.; Marzaro, G.; Vaccarin, C.; Lampronti, I.; Tamanini, A.; Lippi, G.; Gambari, R.; Cabrini, G.;
Bear, C.E.; Chilin, A.; et al. Molecular Mechanism of Action of Trimethylangelicin Derivatives as CFTR
Modulators. Front. Pharmacol. 2018, 9, 719. [CrossRef] [PubMed]

23. LaSelva, O.; Molinski, S.; Casavola, V.; Bear, C.E. The investigational Cystic Fibrosis drug Trimethylangelicin
directly modulates CFTR by stabilizing the first membrane-spanning domain. Biochem. Pharmacol. 2016, 119,
85–92. [CrossRef] [PubMed]

24. LaSelva, O.; Molinski, S.; Casavola, V.; Bear, C.E. Correctors of the Major Cystic Fibrosis Mutant Interact
through Membrane-Spanning Domains. Mol. Pharmacol. 2018, 93, 612–618. [CrossRef] [PubMed]

25. Safdar, A.; Shelburne, S.A.; Evans, S.E.; Dickey, B.F. Inhaled therapeutics for prevention and treatment of
pneumonia. Expert Opin. Drug Saf. 2009, 8, 435–449. [CrossRef]

26. Altamura, N.; Castaldo, R.; Finotti, A.; Breveglieri, G.; Salvatori, F.; Zuccato, C.; Gambari, R.; Panin, G.C.;
Borgatti, M. Tobramycin is a suppressor of premature termination codons. J. Cyst. Fibros. 2013, 12, 806–811.
[CrossRef]

http://dx.doi.org/10.1128/IAI.73.10.6822-6830.2005
http://dx.doi.org/10.1186/s12890-016-0339-5
http://dx.doi.org/10.1016/j.molmed.2011.10.003
http://dx.doi.org/10.1073/pnas.1105787108
http://www.ncbi.nlm.nih.gov/pubmed/21976485
http://dx.doi.org/10.1056/NEJMoa1409547
http://www.ncbi.nlm.nih.gov/pubmed/26510034
http://dx.doi.org/10.1586/17476348.2016.1122527
http://www.ncbi.nlm.nih.gov/pubmed/26581802
http://dx.doi.org/10.2217/fmb.14.107
http://dx.doi.org/10.1016/j.tim.2016.01.008
http://dx.doi.org/10.1183/09031936.00076214
http://www.ncbi.nlm.nih.gov/pubmed/25792634
http://dx.doi.org/10.3389/fcimb.2017.00470
http://www.ncbi.nlm.nih.gov/pubmed/29177135
http://dx.doi.org/10.1371/journal.pone.0127742
http://www.ncbi.nlm.nih.gov/pubmed/26018799
http://dx.doi.org/10.1002/psc.2674
http://dx.doi.org/10.1152/ajplung.00305.2013
http://dx.doi.org/10.1152/ajplung.00129.2010
http://www.ncbi.nlm.nih.gov/pubmed/21148790
http://dx.doi.org/10.3389/fphar.2018.00719
http://www.ncbi.nlm.nih.gov/pubmed/30022950
http://dx.doi.org/10.1016/j.bcp.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27614011
http://dx.doi.org/10.1124/mol.118.111799
http://www.ncbi.nlm.nih.gov/pubmed/29618585
http://dx.doi.org/10.1517/14740330903036083
http://dx.doi.org/10.1016/j.jcf.2013.02.007


Biomolecules 2020, 10, 334 15 of 15

27. Mahlapuu, M.; Hakansson, J.; Ringstad, L.; Björn, C. Antimicrobial Peptides: An Emerging Category of
Therapeutic Agents. Front. Microbiol. 2016, 6, 194. [CrossRef]

28. Mishra, B.; Reiling, S.; Zarena, D.; Wang, G. Host defense antimicrobial peptides as antibiotics: design and
application strategies. Curr. Opin. Chem. Boil. 2017, 38, 87–96. [CrossRef]

29. Wang, Z.; Wang, G. APD: The Antimicrobial Peptide Database. Nucleic Acids Res. 2004, 32, D590–D592.
[CrossRef]

30. Glukhov, E.; Stark, M.; Burrows, L.L.; Deber, C.M. Basis for selectivity of cationic antimicrobial peptides for
bacterial versus mammalian membranes. J. Boil. Chem. 2005, 280, 33960–33967. [CrossRef]

31. Stone, T.A.; Cole, G.B.; Ravamehr-Lake, D.; Nguyen, H.Q.; Khan, F.; Sharpe, S.; Deber, C.M. Positive Charge
Patterning and Hydrophobicity of Membrane-Active Antimicrobial Peptides as Determinants of Activity,
Toxicity, and Pharmacokinetic Stability. J. Med. Chem. 2019, 62, 6276–6286. [CrossRef] [PubMed]

32. Beaudoin, T.; Stone, T.A.; Glibowicka, M.; Adams, C.; Yau, Y.; Ahmadi, S.; Bear, C.E.; Grasemann, H.;
Waters, V.; Deber, C.M. Activity of a novel antimicrobial peptide against Pseudomonas aeruginosa biofilms. Sci.
Rep. 2018, 8, 14728. [CrossRef] [PubMed]

33. Valley, H.C.; Bukis, K.M.; Bell, A.; Cheng, Y.; Wong, E.; Jordan, N.J.; Allaire, N.E.; Sivachenko, A.; Liang, F.;
Bihler, H.; et al. Isogenic cell models of cystic fibrosis-causing variants in natively expressing pulmonary
epithelial cells. J. Cyst. Fibros. 2019, 18, 476–483. [CrossRef] [PubMed]

34. LaSelva, O.; Eckford, P.D.; Bartlett, C.; Ouyang, H.; Na Gunawardena, T.; Gonska, T.; Moraes, T.; Bear, C.E.
Functional rescue of c.3846G>A (W1282X) in patient-derived nasal cultures achieved by inhibition of
nonsense mediated decay and protein modulators with complementary mechanisms of action. J. Cyst. Fibros.
2019. [CrossRef] [PubMed]

35. Wu, Y.-S.; Jiang, J.; Ahmadi, S.; Lew, A.; LaSelva, O.; Xia, S.; Bartlett, C.; Ip, W.; Wellhauser, L.; Ouyang, H.;
et al. ORKAMBI-Mediated Rescue of Mucociliary Clearance in Cystic Fibrosis Primary Respiratory Cultures
Is Enhanced by Arginine Uptake, Arginase Inhibition, and Promotion of Nitric Oxide Signaling to the Cystic
Fibrosis Transmembrane Conductance Regulator Channel. Mol. Pharmacol. 2019, 96, 515–525. [CrossRef]
[PubMed]

36. Molinski, S.V.; Ahmadi, S.; Ip, W.; Ouyang, H.; Villella, A.; Miller, J.P.; Lee, P.-S.; Kulleperuma, K.; Du, K.;
Di Paola, M.; et al. Orkambi® and amplifier co-therapy improves function from a rare CFTR mutation in
gene-edited cells and patient tissue. EMBO Mol. Med. 2017, 9, 1224–1243. [CrossRef] [PubMed]

37. Scott, M.G.; Vreugdenhil, A.C.E.; Buurman, W.A.; Hancock, R.E.; Gold, M. Cutting edge: cationic antimicrobial
peptides block the binding of lipopolysaccharide (LPS) to LPS binding protein. J. Immunol. 2000, 164, 549–553.
[CrossRef]

38. Bomberger, J.M.; Ye, S.; MacEachran, D.P.; Koeppen, K.; Barnaby, R.L.; O’Toole, G.A.; Stanton, B.A. A
Pseudomonas aeruginosa Toxin that Hijacks the Host Ubiquitin Proteolytic System. PLoS Pathog. 2011, 7,
e1001325. [CrossRef]

39. Stanton, B.A. Effects of Pseudomonas aeruginosa on CFTR chloride secretion and the host immune response.
Am. J. Physiol. Physiol. 2017, 312, C357–C366. [CrossRef]

40. Guggino, W.B.; Stanton, B.A. New insights into cystic fibrosis: molecular switches that regulate CFTR. Nat.
Rev. Mol. Cell Boil. 2006, 7, 426–436. [CrossRef]

41. Peschel, A.; Sahl, H.-G. The co-evolution of host cationic antimicrobial peptides and microbial resistance.
Nat. Rev. Genet. 2006, 4, 529–536. [CrossRef] [PubMed]

42. Leung, S.S.F.; Mijalkovic, J.; Borrelli, K.; Jacobson, M.P. Testing Physical Models of Passive Membrane
Permeation. J. Chem. Inf. Model. 2012, 52, 1621–1636. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fcimb.2016.00194
http://dx.doi.org/10.1016/j.cbpa.2017.03.014
http://dx.doi.org/10.1093/nar/gkh025
http://dx.doi.org/10.1074/jbc.M507042200
http://dx.doi.org/10.1021/acs.jmedchem.9b00657
http://www.ncbi.nlm.nih.gov/pubmed/31194548
http://dx.doi.org/10.1038/s41598-018-33016-7
http://www.ncbi.nlm.nih.gov/pubmed/30283025
http://dx.doi.org/10.1016/j.jcf.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30563749
http://dx.doi.org/10.1016/j.jcf.2019.12.001
http://www.ncbi.nlm.nih.gov/pubmed/31831337
http://dx.doi.org/10.1124/mol.119.117143
http://www.ncbi.nlm.nih.gov/pubmed/31427400
http://dx.doi.org/10.15252/emmm.201607137
http://www.ncbi.nlm.nih.gov/pubmed/28667089
http://dx.doi.org/10.4049/jimmunol.164.2.549
http://dx.doi.org/10.1371/journal.ppat.1001325
http://dx.doi.org/10.1152/ajpcell.00373.2016
http://dx.doi.org/10.1038/nrm1949
http://dx.doi.org/10.1038/nrmicro1441
http://www.ncbi.nlm.nih.gov/pubmed/16778838
http://dx.doi.org/10.1021/ci200583t
http://www.ncbi.nlm.nih.gov/pubmed/22621168
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Human Cell Line 
	Bacterial Strains 
	Peptide Synthesis and Quantification 
	Infection of HBE Cells 
	Microbial Cell Viability Assay 
	CFTR Channel Function in CFF-16HBEge CFTR Cells 
	RNA Extraction and Quantification (qRT-PCR) 

	Results 
	Discussion 
	Conclusions 
	References

