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Abstract

Introduction: Abnormal chloride (CI7) transport dehydrates airway surface liquid (ASL) in
sinonasal epithelium leading to mucus stasis and chronic rhinosinusitis. As an experimental
epithelium, rabbit tissue provides an excellent representation of human sinus disease, and the
rabbit sinusitis model is established and well suited for therapeutic interventions in vivo. The
objective of this study is to evaluate whether ivacaftor reverses the consequences of Pseudomonas
aeruginosa-induced acquired CFTR dysfunction.

Methods: Rabbit nasal cavities were assessed for responsiveness to ivacaftor /n7 vivo (nasal
potential difference (NPD) assay). Rabbit nasal epithelial (RNE) cultures were incubated with an
ultrafiltrate of P, aeruginosa (PAOL strain) for 4 hours and tested for acquired CFTR dysfunction.
Markers of mucociliary function, including airway surface liquid depth (ASL), periciliary liquid
depth (PCL), ciliary beat frequency (CBF) and mucociliary transport (MCT) were measured by
micro-optical coherence tomography (UOCT) following PAO1 and/or ivacaftor incubation.

Results: lvacaftor resulted in a significant 21.8+/-2.1 mV mean NPD polarization that was
significantly greater than low CI~ control (12.9+/-1.3; p = 0.01). PAO1 exposure induced a state
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of acquired CFTR dysfunction in rabbit nasal epithelium as measured by forskolin-stimulated
short-circuit current (Isc) (control, 37.0+/-1.1 pA/cm? vs PAO1, 24.4+/-1.1 pAlcm?; p < 0.001).

RNE cultures exposed to PAO1 had inhibited mucociliary function, whereas co-incubation with
ivacaftor restored mucociliary clearance as measured by UOCT.

Conclusion: In RNE, ivacaftor robustly stimulates CFTR-mediated Cl- secretion and normalizes

ASL and CBF in PAO1-induced acquired CFTR dysfunction Preclinical testing of CFTR

Keywords

potentiators as therapy for £ aeruginosa rabbit sinusitis is planned.

ivacaftor; Pseudomonas ; cystic fibrosis; CFTR; mucociliary clearance; mucociliary transport;

sinusitis; chronic sinusitis; chronic rhinosinusitis; micro optical coherence tomography

INTRODUCTION

Cystic fibrosis transmembrane conductance regulator (CFTR) is a cyclic adenosine
monophosphate (CAMP)-regulated chloride channel expressed on the apical membrane of
epithelial cells in the lung, sinonasal cavities, intestine, and other tissues.1™ Aberrant
vectorial ion transport due to absent or dysfunctional CFTR in patients with cystic fibrosis
(CF) results in dehydration of airway surface liquid and impairment of mucociliary transport
(MCT) in the upper and lower airways.>8 Growing evidence indicates that acquired CFTR
dysfunction in the absence of genetic mutations is linked to the pathophysiology of other
airway diseases characterized by inflammation and infection, including chronic obstructive
pulmonary disease and chronic rhinosinusitis (CRS).”~2 CRS tissues from both CF and
non-CF individuals have mucin hyperexpression and secretion, mucus accumulation, as well
as submucosal gland and goblet cell hyperplasia.l? Furthermore, the presence of impaired
MCT, chronic bacterial colonization, and persistent submucosal inflammation in non-CF
CRS patients resembles what is observed in CF sinus disease.! It is now well established
that CFTR processing and function can be markedly compromised by environmental
perturbations, such as cigarette smoke exposure, hypoxia/hypoxemia, inflammation, and
infectious agents (particularly exoproducts of Pseudomonas aeruginosa).}2-17 CRS patients
have a high rate of P aeruginosa infections (approximately 25%), and the sinonasal cavities
are particularly vulnerable to a vicious cycle of infection and obstruction when MCT is
compromised. CFTR-mediated anion transport dysfunction from the combined impact of
hypoxia and £ aeruginosa exoproducts, particularly lipopolysaccharide through generation
of reactive oxygen species, only further perpetuates progression of the disease.’12-14.18

Ivacaftor is an oral CFTR potentiator identified by screening over 228,000 small molecules
using high throughput analysis and a cell-based fluorescence membrane potential assay.?
The drug was licensed in 2012 both in the United States and Europe for patients with CF
aged six years and over who carry at least one copy of the G551D mutation. Ivacaftor is the
first CF medication that addresses the primary consequences of CFTR protein dysfunction
rather than the downstream sequelae of the disease. Studies in both recombinant cell

lines and primary cultures of human bronchial epithelia have demonstrated that ivacaftor
promotes CI~ transport by increasing CFTR channel open probability, and augments both
ASL height and ciliary beat frequency (CBF).19 Results of two multicenter, randomized,
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controlled trials unequivocally showed significant improvement in markers of CFTR
function (sweat chloride and nasal potential difference (NPD)) and clinical endpoints (lung
function (FEV1), body mass index, hospitalization rate, and Pseudomonas burden).2%21 The
drug clearly activates CI~ secretion in the nasal as well as lower airways, and so may be a
valid therapy for subjects with CRS and impaired sinonasal MCT as it also improves activity
of wild type CFTR.22-27 We have also created a ciprofloxacin ivacaftor sinus stent that
causes marked reduction in P. aeruginosa infection /n vitro and preclinical non-CF rabbit
models.22:23 Clinical outcomes are improved in G551D CF CRS with marked improvement
in symptoms after starting therapy.28 Because MCT is critical to CRS pathogenesis, it is
reasonable to presume that ivacaftor will improve clinical endpoints in non-CF CRS in the
setting of acquired CFTR dysfunction. Unfortunately, ivacaftor does not activate CFTR in
rodent airways,2? and thus a suitable preclinical animal model for testing the drug in CRS is
needed.

As an experimental epithelium, rabbit nasal and sinus tissues provide an excellent resource
to study human sinus disease. Our group recently generated a reliable model of rabbit CRS
demonstrating dominant pathogenic species (including Pseudomonas), significant infiltration
of plasma cells and lymphocytes, increased submucosal glands, and decreased markers of
MCT (periciliary liquid and ciliary beat frequency).11:39-33 The objectives of this study

are 1) to evaluate the suitability of rabbit nasal epithelia for studies of ivacaftor and 2) to
determine whether ivacaftor reverses the consequences of P aeruginosa-induced acquired
CFTR dysfunction.

MATERIALS AND METHODS

Tissue Culture

Investigational Animal Care and Use Committee approval was obtained from the University
of Alabama at Birmingham prior to the initiation of the study. We have previously
established a model of murine, as well as rat, nasal septal epithelial cultures that recapitulate
as well differentiated cell culture models with robust ciliated respiratory epithelium and have
all the appropriate ion channels necessary for evaluation of acquired CFTR dysfunction.

For this reason, we chose to culture the rabbit nasal septa in this study. Rabbit primary

nasal epithelial cells were cultured at an air-liquid interface with slight modifications to
previously established protocols.34-37 Rabbit nasal septa of 14 weeks old New Zealand
White rabbits were harvested immediately following euthanasia and transferred to pre-
warmed dissociation media (minimal essential medium (MEM), 100 units penicillin per

ml, and 0.1mg streptomycin per ml, 1.4mg/ml pronase, and 0.1mg/ml DNAse). Septa were
placed in dissociation media in a 5% CO, incubator at 37°C for 1 hour, then 1% FBS

(fetal bovine serum) was added to interrupt the enzymatic dissociation. After 2 minutes of
incubation, epithelial cells were released by gentle inversion. Collected epithelial cells were
washed twice by centrifuge at 1000 rpm for 5 min at room temperature. The cell pellet was
resuspended in culture media (5% FBS, 100 units/ml penicillin, 0.1mg/ml streptomycin, and
1% ITS™ universal culture supplement) (BD Biosciences, Bedford, MA) and incubated at
379C in 100mm Primaria™ culture dishes to reduce fibroblast contamination. After 2 hours,
the cell suspension was collected and centrifuged again at 1000 rpm for 5 min. Cell pellets
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were gently resuspended with culture media, and dissociated rabbit nasal epithelial cells
were seeded at the density of 8x10° cells/cm? to transwell inserts with 200pI culture media
and 600yl in the basal compartment. After three days of incubation at confluence, media

on the apical surfaces were removed and basal media replaced with 600ul differentiation
media (12.5% FBS, 2% Nuserum, 1% ITS, 100 units/ml penicillin, 0.1mg/ml streptomycin,
and 60nmol/ml trans-retinoic acid). Basal differentiation medium was changed every other
day. Primary cultures grown at an air-liquid interface in this manner reach full differentiation
with widespread ciliogenesis at 21 days. Optimization of culture conditions was conducted
to achieve approximately 80-90% ciliated cells. Cultures were selected for Ussing Chamber
analysis only when fully differentiated with transepithelial resistances > 300 Q/cm?.

Bioelectric Measurements

Chemicals and solutions.—All chemicals were procured from Sigma Aldrich
(Carlsbad, Ca). Bath solution contents consisted of (mM): 120 NaCl, 25 NaHCO3, 3.3
KHoPOy4, 0.8 KoHPQy, 1.2 MgCls, 1.2 CaCl,, and 10 glucose, with a pH of 7.3-7.4 in a
gassed mixture of 95% O,:5% CO, at 37°C. All studies were conducted in low CI™ (6 mM)
mucosal baths. Pharmacologic manipulations consisted of amiloride (100 uM), ivacaftor
(10 uM) and/or forskolin (20 uM), and the CFTR inhibitors CFTRinh-172 (10 pM) and
GlyH-101 (50 uM).38-42 Amiloride, which inhibits epithelial sodium channels (ENaC), was
administered to assure that any changes in short-circuit current (Isc) are independent of
effects upon ENaC activity. Ivacaftor was administered at 10uM concentration as optimal
dosing in vitro based on Van Goor et al.1? Forskolin was administered to maximally
stimulate cAMP-mediated CI~ secretion. The CFTR inhibitors CFTRinh-172 and GlyH-101
permit evaluation of the contribution of CFTR to the overall stimulated potential difference
in vivo (mV) or short-circuit current (Isc) /n vitro. For the creation of 2 aeruginosa

(PAOZ1 strain) ultrafiltrate, bacterial frozen stock was transferred (—80°C) to 50 ml of
Luria-Bertani (LB)-Miller broth overnight (37°C) and shaken at 200 rpm. Overnight cultures
were transferred to LB-Miller agar plates using the quadrant streaking method to ensure
purity. An isolated colony was transferred to 10 ml of LB-Miller broth and incubated
(37°C) on a shaker (200 rpm) for 20 hours overnight. The broth was passed through 2

EMD Millipore Millex-GP sterile syringe filters (Fisher-Scientific, Waltham, Ma.), and the
subsequent solution streaked onto agar plates to confirm complete sterility.

Measurement of short circuit current and conductance.—Transwell inserts were
placed in Ussing chambers for monitoring of ion transport and pharmacologic blockade

as previously described.*3 Apical monolayers were analyzed in short-circuit conditions
following compensation of fluid resistance with automatic VCC 600 voltage clamps
(Physiologic Instruments, San Diego, CA). Inserts were subsequently mounted in the
aforementioned bath solution at 37°C. Short-circuit measurements were recorded at 1
sample/second under the premise that positive deflections indicate net anion movement
from the serosal to the mucosal surface. For experiments designed to assess for PAO1
induced CFTR dysfunction, a time period of 4-hours was chosen based on the previous
dose-response experiments with lipopolysaccharide.12
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Nasal potential difference assay.—NPD measurements are useful as a diagnostic tool
for quantification of CFTR function in the nasal airways. We utilize small amounts of test
solutions into the anterior nostril of the rabbit to measure uptake or secretion of Na* and
CI~. A four-step protocol was used, as described previously.3444 First, nasal cavities of
anesthetized white New Zealand rabbits were perfused with Ringer’s solution containing
140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2 mM CaCl,, 10 mM HEPES, and amiloride

100 uM (pH 7.3). Next, a low-chloride—containing solution was perfused (mM N-methyl-D-
glucamine [NMDG], 6 mM CI~, pH 7.3). Ivacaftor (10 uM) was then added to the perfusate
to evaluate CFTR activation, followed by Glyh-101 (50 pM) and CFTRinh-172 (10 pM)

to evaluate the contribution of CFTR to the total transepithelial Cl~ secretion. Because of
the continuous presence of amiloride (50 uM) and the complete replacement of Na* with

a membrane-impermeant cation (140 NMDG in the perfusion solution), hyperpolarization
reflects CI™ secretion rather than cation absorption. The activity was measured from the
stable baseline to the highest point of hyperpolarization.

Micro Optical Coherence Tomography

Optical coherence tomography (OCT) creates cross-sectional images through reflectance
properties intrinsic to the airways.*> ASL, PCL, and CBF can be assessed simultaneously
and non-invasively at the airway surface. Recently, an OCT system called micro-OCT
(LOCT) was developed to capture microanatomy with improved precision and 1-micron
resolution with unprecedented subcellular detail, not possible with traditional OCT.#6 pOCT
can measure these functional parameters under a variety of conditions in multiple airway
models.

Image acquisition.—RNE filters were evaluated by pOCT under four conditions. An
ultrafiltrate of PAO1 or vehicle control was applied to the apical surface of filters with

or without ivacaftor (10 pM) and incubated for 4 hours. pPOCT imaging of RNE cultures
was performed with incident illumination of the apical cell surface to assess microanatomic
parameters of ASL /n vitro. The imaging optics axis were placed within 10 degrees of
normal to the cell plane in order to reduce errors in geometric measurements.*6 All imaging
was achieved using four regions of interest per well (2 points at 1 mm from the center and
another at 1 mm from the edge for 2 different locations) and averaged for a single value per
well.

Image analysis.—ASL and PCL were quantitatively evaluated by directly measuring the
visible thickness within the image. To account for refractory properties of the liquid, layer
thickness measurements were corrected for the index of refraction of the liquid (n=1.33).
CBF was assessed using a time series of images and quantitatively measured by ascertaining
peak amplitude frequency in the temporal Fourier transform of areas demonstrating
oscillatory behavior. Measurements were performed at five uniformly distributed areas

of the image. All images were analyzed using ImageJ version 1.50i (National Institutes

of Health, Bethesda, MD) and MATLAB® R2016a (The MathWorks, Natick, MA) by a
blinded reviewer (SZ).
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Statistical Analysis

RESULTS

Statistical analyses used two-tailed, unpaired t-tests for Ussing chamber and NPD data.

One way ANOVA with Tukey-Kramer post hoc analysis was utilized for uOCT studies. All
values are reported as the mean+/- standard error of the mean [SEM]. A p-value < 0.05 was
considered statistically significant.

Ivacaftor activates CFTR-dependent ion transport in rabbit nasal mucosa in vivo and in

vitro.

Four rabbits underwent a standardized NPD protocol with the addition of 10 uM

ivacaftor in the third perfusion solution. The tracing (Figure 1A) is representative of the
hyperpolarization observed when ivacaftor was included in the perfusate. Total CI™ transport
was significantly higher with ivacaftor compared to low CI~ alone and resulted in a 21.8+/
—-2.1 mV mean NPD polarization that was significantly greater than low CI~ control (12.9+/
-1.3) (n=4; p<0.01) (Figure 1B). When RNE cultures were dissociated and cultured

at an air-liquid interface, they were subjected to pharmacologic manipulation in Ussing
chambers. Ivacaftor significantly increased CFTR-mediated CI™ transport (change in short
circuit current = Algc) over vehicle controls (n = 10, ivacaftor 23.2+/-3.1pA/cm? vs DMSO
vehicle controls, 2.4+/-0.5 uA/cm?; p < 0.01).

PAOL1 induces an acquired CFTR dysfunction in RNE

RNE cultures were incubated for 4 hours with 100 pl of PAOL1 ultrafiltrate or LB broth
control at the apical surface (Figure 2). Filters were evaluated with the Ussing chamber

(n = 10 per condition) using pharmacologic manipulation with amiloride, forskolin, and
CFTR inh-172 / Glyh-101 (Figure 2). Rabbit epithelium was noted to have small changes in
Isc with administration of amiloride, indicating ENaC may contribute less to the overall

ion transport phenotype and was consistent with what was observed during amiloride
perfusion in the /n vivo rabbit NPD assay. However, there was a significant difference in
amiloride-sensitive Algc between controls in LB broth vehicle and PAO1 (3.6+/-3.0 vs.
3.0+/-0.6; p < 0.001). Also, forskolin-stimulated anion transport was significantly greater in
the control group compared with the PAO1-exposed RNE cultures (70.2+/-30.0 pA/cm? vs.
40.3+/-10.6 pA/cm?; p < 0.01), suggesting that PAO1 exposure induces a state of acquired
(partial) CFTR dysfunction in rabbit nasal epithelium. The combined CFTR inhibitors
(GlyH-101 and CFTR inh-172) led to a significantly larger inhibition in CFTR-mediated
CI™ transport in the control group (40.3+/-20.3 vs. PAO1, 20.0+/-5.1; p < 0.001). This also
supports the observation that diminished forskolin-stimulated CI~ secretion is secondary to
CFTR dysfunction.

Ivacaftor restores mucociliary function in PAO1-induced acquired CFTR dysfunction

With evidence that ivacaftor stimulates CFTR-mediated CI~ secretion and a 4-hour PAO1
exposure significantly diminishes CFTR function, pOCT was used to assess the impact
of PAOL1 ultrafiltrate on ASL, PCL, CBF, and MCT,; and whether ivacaftor could restore
these markers of mucociliary function to normal levels (Figure 3). RNE cultures were
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exposed for 4 hours to an ultrafiltrate of PAOL P aeruginosa supernatant or control vehicle+/
—ivacaftor. There were marked differences among groups (n = 6 per all conditions) with
significant inhibition of ASL depth (in pm), whereas ivacaftor enhanced ASL in both

control and PAO1 filters (PAO1, 3.6+/-0.1 vs. control, 5.0+/-0.4 vs. ivacaftor, 10.6+/-1.6 vs.
ivacaftor+PAOL, 6.7+/-0.5; p < 0.05 all conditions vs. PAO1). Interestingly, the impact on
PCL was negligible and not significantly different among groups. Because ASL depth was
so low in PAO1 cultures, ASL and PCL were indistinguishable during these measurements.
Mean CBF (in Hz) was also significantly slower in PAO1 cultures (9.6+/-0.8 Hz) compared
to all other conditions (control 11.9+/-0.6; ivacaftor 12.9+/-0.4; PAO1+ivacaftor 13.3+/
-0.5; p < 0.05 all conditions vs. PAO1) suggesting ivacaftor reestablishes CBF impacted

by PAOL1 exposure. lvacaftor also restored MCT in RNE cultures after exposure to PAO1
(PAO1, 0.24+/-0.01 vs. control, 0.37+/-0.03 vs. ivacaftor, 0.50+/-0.07 vs. ivacaftor+PAQO1,
0.43+/-0.05; p < 0.05 all conditions vs. PAOL).

DISCUSSION

Developing a preclinical animal model and corresponding respiratory epithelial cultures
that reflect the biologic characteristics of the human sinus is critical to the development
and testing of novel CFTR-based therapeutic strategies for CRS. Recently, we developed a
rabbit model of CRS that is consistent with findings in human CRS, including shifts in the
microbiome to pathogenic microorganisms such as £, aeruginosa, significant infiltration of
plasma cells and lymphocytes with increased submucosal glands, and decreased markers of
mucociliary clearance.1! The rabbit sinus cavity is large, the nasal airways easily assessed
with nasal endoscopy, and the /n vivo rabbit CRS model is now established and well suited
for therapeutic intervention studies. We evaluated the effect of ivacaftor on CFTR activity
in the rabbit nasal cavities /7 vivoin the current study to afford additional evidence of the
similarities between rabbit and human airway epithelium. lvacaftor significantly activated
CFTR-mediated CI~ transport in the nasal cavities of rabbits according to nasal potential
difference measurements. These data reveal important molecular similarities between rabbit
and human CFTR and highlight the shortcomings of rodent models that do not respond to
this CFTR channel potentiator.19

In this study, PAO1 £ aeruginosa ultrafiltrate induced acquired CFTR dysfunction in
cultured RNE, and thus has important implications for understanding impaired MCT in
numerous upper and lower respiratory infectious illnesses. Measurements of functional
airway microanatomy confirmed a corresponding diminishment of ASL depth and CBF.
While the mechanisms underlying the PAO1-induced acquired CFTR dysfunction were not
evaluated, P, aeruginosa produces a number of inflammatory factors including pyocyanin
and lipopolysaccharide that can trigger changes to respiratory epithelial cell function —
primarily through endoplasmic reticulum stress and subsequent activation of the unfolded
protein response.*’ We recently identified lipopolysaccharide as a major perturbation that
causes diminished transepithelial CI~ transport and mucociliary function through generation
of reactive oxygen species /n vitroand in mice in vivo.12 Thus, in the setting of chronic 2
aeruginosa bacterial infection in non-CF CRS, restoration of impaired CFTR function with
CFTR potentiators represents an important approach to therapy.

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2023 May 01.
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Remarkably, we demonstrated that ivacaftor can reverse PAO1-induced CFTR dysfunction
and restore functional parameters of MCT in RNE. These findings can be readily adopted to
support the evaluation of the drug in the preclinical rabbit model of rhinosinusitis and human
clinical trials. Considering the limited medicinal options for CRS, this strategy will provide
a new and important intervention, but also a novel therapeutic model for studying other
CFTR potentiators currently being developed as part of basic and preclinical investigation.
There is also a narrow patient population who now receive benefit from ivacaftor. Therefore,
repurposing ivacaftor for therapy of CRS will broaden the use of the treatment to millions of
individuals with a serious and debilitating chronic disease.

CONCLUSION

Ivacaftor robustly stimulates CFTR-mediated CI~ secretion in RNE cultures and normalized
MCT and other markers of mucociliary function in PAO1-induced acquired CFTR
dysfunction. Findings should translate well to testing of ivacaftor in the rabbit model of
CRS and provides a basis for targeting CFTR as an innovative therapeutic approach for
acquired CFTR dysfunction in CRS.
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Figurel.
(A) Representative tracing from a rabbit in a standardized nasal potential difference (NPD)

protocol with sequential administration of amiloride, +low CI~ solution, +ivacaftor (10 uM),
+ GlyH-101(20uM)/CFTRinh-172 (10 pM). (B) Summary data of studies described above.
Ivacaftor perfusion resulted in mean NPD polarization that was significantly greater than
low CI~ control (n=4; p<0.01). (C) Representative Ussing chamber current tracings of RNE.
Sequential addition of amiloride, ivacaftor or DMSO control, forskolin, and CFTR inh-172
are shown. (D) Ivacaftor significantly increased CFTR-mediated CI~ transport over vehicle
controls (n = 10; p < 0.001).
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Figure2.

(A) RNE filters were exposed to PAO1 ultrafiltrate or vehicle control for 4 hours.
Representative Ussing chamber tracings demonstrate reduced forskolin-dependent and
CFTR-inhibited Ig¢c. (B) Summary data demonstrates significant difference in amiloride-
sensitive Algc, forskolin-dependent Alsc, and CFTR inhibition. Forskolin-dependent and
CFTR inhibited Algc were decreased by approximately 40% and 50%, respectively (n = 10

per condition, p < 0.01).
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Figure 3.

RNE cultures were incubated with PAO1 ultrafiltrate, DMSO control vehicle, ivacaftor,

or ivacaftor + PAOL. Selected uOCT images of the conditions (red bar — ASL, white

bar — PCL) are shown in (A). (B) PAO1 significantly inhibited ASL depth (n=6, p <

0.05) whereas ivacaftor restored ASL above levels observed in control and PAO1-incubated
cultures. PCL depth (C) was not significantly different between groups. CBF (D) and MCT
(E) significantly decreased in PAO1 exposed RNE (n = 6, p < 0.05), but were similar to
controls when co-incubated with ivacaftor.
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