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a b s t r a c t 

Background: Approximately 10% of people with cystic fibrosis (CF) have mutations that result in little 

to no CFTR production and thus cannot benefit from CFTR modulators. We previously found that Am- 

photericin B (AmB), a small molecule that forms anion channels, restored HCO 3 
− secretion and increased 

host defenses in primary cultures of CF airway epithelia. Further, AmB increased ASL pH in CFTR -null 

pigs, suggesting an alternative CFTR-independent approach to achieve gain-of-function. However, it re- 

mains unclear whether this approach can be effective in people. 

Methods: To determine whether AmB can impact physiology in people with CF, we first tested whether 

Fungizone, a clinically approved AmB formulation, could cause electrophysiological effects consistent with 

anion secretion in primary cultures of CF airway epithelia. We then evaluated the capacity of AmB to 

change nasal potential difference (NPD), a key clinical biomarker, in people with CF not on CFTR modu- 

lators. 

Results: AmB increased transepithelial Cl − current and hyperpolarized calculated transepithelial voltage 

in primary cultures of CF airway epithelia from people with two nonsense mutations. In eight people 

with CF not on CFTR modulators, intranasal Fungizone treatment caused a statistically significant change 

in NPD. This change was similar in direction and magnitude to the effect of ivacaftor in people with a 

G551D mutation. 

Conclusions: Our results provide the first evidence that AmB can impact a clinical biomarker in people 

with CF. These results encourage additional clinical studies in people with CF to determine whether small 

molecule anion channels can provide benefit. 

© 2020 Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

1. Introduction 

Cystic fibrosis (CF) is caused by loss-of-function mutations in 

the gene encoding the cystic fibrosis transmembrane conductance 

regulator (CFTR) anion channel [1] . Loss of CFTR-mediated HCO 3 
−

and Cl − secretion to the airway surface liquid (ASL) compromises 

airway host defenses in people with CF and contributes to the 

chronic infection and inflammation that characterize CF airway 
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disease [ 2 , 3 ]. Small molecule CFTR modulators such as ivacaftor, 

tezacaftor, and elexacaftor, which partially increase the activity of 

many CFTR mutants, have achieved significant clinical impact in 

people with CF [4–6] . However, approximately 10% of people with 

CF have nonsense mutations and/or splice defects that result in lit- 

tle to no CFTR production, or they cannot tolerate CFTR modula- 

tors, and thus cannot benefit [ 7 , 8 ]. 

We recently reported that the anion channel-forming small 

molecule natural product, amphotericin B (AmB), increased ASL 

height, increased transepithelial HCO 3 
− secretion, and increased 

ASL pH in cultured CF airway epithelia [9] . Though AmB channels 
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are only modestly anion selective, this imperfect surrogate for the 

CFTR protein also increased ASL pH, decreased ASL viscosity, and 

increased ASL antibacterial activity in genetically diverse primary 

cultures of CF airway epithelia. Further, AmB increased ASL pH in 

CFTR- null pigs in vivo . These results suggest that CFTR-independent 

functional replacement with a small molecule surrogate may hold 

promise for addressing CF airway disease caused by nonsense mu- 

tations. Moreover, AmB is an already clinically approved drug that 

has been safely aerosolized to the lungs to treat or prevent intra- 

pulmonary fungal infections in more than 1,600 people [ 10 , 11 ] and 

safely administered via intranasal perfusion in many previous stud- 

ies [12–17] . 

The preclinical development and successful clinical translation 

of CFTR modulators provides a roadmap for the development of 

new CFTR therapeutics. Ivacaftor, the first clinically approved CFTR 

modulator, was initially tested via electrophysiological measure- 

ments in Ussing chambers. Specifically, ivacaftor increased transep- 

ithelial current and hyperpolarized transepithelial voltage in pri- 

mary cultures of airway epithelia from people with G551D-CFTR 

mutations [18] . These electrophysiological studies suggested the 

potential for ivacaftor to change nasal potential difference (NPD), a 

key clinical biomarker widely used to evaluate experimental thera- 

pies in people with CF [19] . In an initial study in adults with CF 

caused by at least one G551D-CFTR mutation, ivacaftor changed 

NPD relative to placebo [20] . In subsequent clinical studies, iva- 

caftor also improved lung function as evaluated by metrics such 

as forced expiratory volume in one second (FEV 1 ), and improved 

health-related quality of life [ 4 , 21–23 ]. 

Here we report a similar series of electrophysiology studies in 

Ussing chambers with primary cultures of airway epithelia from 

people with CF caused by nonsense mutations. Collectively, these 

studies showed that AmB increased transepithelial Cl − current, hy- 

perpolarized calculated transepithelial voltage, and increased Cl −

secretion in CF airway epithelia. A subsequent clinical study in 8 

people with CF not on modulators further showed that intranasal 

AmB caused a statistically significant change in NPD. 

2. Materials and methods 

2.1. Cell line growth conditions 

CuFi-1 ( �F508/ �F508) cells (Welsh Laboratory, University of 

Iowa) were first grown from cryostock on Thermo Scientific Bio- 

Lite Cell Culture Treated 75 cm 2 flasks, seeded at 1 × 10 3 cells per 

cm 2 [24] . Prior to seeding, these flasks were coated with 4 mL of 

60 μg/mL human placental collagen type IV (Sigma Aldrich 234154) 

for a minimum of 18 h at room temperature, rinsed twice with 

PBS, and dried. The cells were cultured with 12 mL Bronchial Ep- 

ithelial Cell Growth Medium (BEGM) BulletKit (Lonza CC-3170), 

which includes the basal medium and eight SingleQuots of sup- 

plements (bovine pituitary extract (BPE), 2 mL; hydrocortisone, 

0.5 mL; hEGF, 0.5 mL; triiodothyronine, 0.5 mL). The gentamycin- 

AmB aliquot was discarded and the medium was instead sup- 

plemented with 50 μg/mL penicillin-streptomycin (Corning Cell- 

gro 30–001-CI), 50 μg/mL gentamycin (Sigma Aldrich G1397), 

and 2 μg/mL fluconazole (Sigma Aldrich F8929). The original CF 

transplant donor was genotyped by Integrated Genetics. The cell 

line was secondarily confirmed by the ATCC repository to have 

the correct genotype. MycoAlert Mycoplasma detection kit (Lonza 

LT07–418) was used to detect any RNA transcripts common to a 

broad spectrum of mycoplasma. The cell line was confirmed to be 

mycoplasma-free. 

Cells were grown to 90% confluence at 37 °C in 5% CO 2 , 

changing medium every two days, and then trypsinized with 

4 mL of 0.25% trypsin containing 1 mM EDTA (Gibco 25200- 

056). Trypsin was inactivated with 10 mL HEPES-buffered saline 

solution (Lonza CC-5024) with 1% bovine calf serum. Cells were 

spun down in an Eppendorf Centrifuge 5430R at 1500 rpm for 

5 min and resuspended in BEGM medium for passaging. For cul- 

turing on membrane supports for differentiation, cells were re- 

suspended after centrifugation in Ultroser G medium comprised 

of 1:1 DMEM:Ham’s F-12 (Corning 10–092-CV) supplemented with 

2% v/v Ultroser G (Crescent Chemical 67042). The membrane sup- 

ports used were Corning Costar 0.4 μm 24 well plate Transwell 

polycarbonate 0.33 cm 2 membrane inserts (Corning 3413). These 

membranes were coated with collagen in the same manner as 

the flasks detailed above. Each Transwell insert was seeded with 

115,0 0 0 cells. These membranes were allowed to mature at an air- 

liquid interface for a minimum of 14 days to reach full differenti- 

ation, with the Ultroser G medium changed every other day. After 

maturation, medium was changed every seven days. For covariate 

control, membranes used in experiments were as close in age and 

maturation as possible. 

2.2. Primary cultures of airway epithelia 

Airway epithelial cells were obtained from human trachea and 

bronchi of CF specimens obtained from the Iowa Donor Network, 

either as post-mortem specimens or from tissue deemed not fit 

for transplant. All samples were deidentified in the Cell Culture 

Core Repository and patient identification information was not 

provided to the researchers running experiments. Patients were 

not recruited. Studies were approved by the University of Iowa 

Institutional Review Board. We have complied with all relevant 

ethical regulations and informed consent was obtained from all 

participants. After protease enzymatic digestion, cells were seeded 

onto collagen-coated semi-permeable membranes (0.33 cm 2 , Corn- 

ing 3413 polycarbonate) and grown at an air-liquid interface us- 

ing previously described methods [25] . Primary W1282X/W1282X 

nasal epithelial cells were obtained from the Cystic Fibrosis Foun- 

dation. Airway epithelial cell cultures were analyzed after they had 

differentiated and at least 14 days after seeding. 

2.3. Studies of H 13 CO 3 
−and Cl − efflux from POPC liposomes 

Palmitoyl oleoyl phosphatidylcholine (POPC) was obtained as a 

25 mg/mL solution in CHCl 3 from Avanti Polar Lipids (850457C). 

The solution was stored at −20 °C under an atmosphere of dry ar- 

gon and used within 3 months. Cholesterol (Sigma Aldrich C8667) 

was purified by recrystallization from ethanol. NaH 13 CO 3 was ob- 

tained as a white solid from Sigma Aldrich (372382). 

Prior to preparing a lipid film, the lipid solution was warmed to 

ambient temperature to prevent condensation from contaminating 

the solution and degrading the lipid film. 42 mg of solid choles- 

terol was added to a 20 mL scintillation vial (Fisher Scientific), fol- 

lowed by 14 mL of the POPC solution. The solvent was removed 

with a gentle stream of nitrogen, and the resulting lipid film was 

stored under high vacuum for a minimum of twelve hours prior 

to use. For H 13 CO 3 
− efflux experiments, the film was rehydrated 

with 2 mL of 250 mM NaH 13 CO 3 , 40 mM HEPES buffer, pH 7.5 

(D 2 O) and vortexed vigorously for approximately 3 min to form 

a suspension of multilamellar vesicles (MLVs). For Cl − efflux ex- 

periments, the film was rehydrated with 2 mL of 250 mM NaCl, 

40 mM HEPES buffer, pH 7.5. To obtain a sufficient quantity of 

large unilamellar vesicles (LUVs), at least two independent lipid 

film preparations were pooled together for the subsequent forma- 

tion of LUVs. The lipid suspension was then subjected to 15 freeze- 

thaw cycles, where the suspension was alternatingly allowed to 

freeze in a liquid nitrogen bath, followed by thawing in a 50 °C wa- 

ter bath. The resulting lipid suspension was pulled into a Hamilton 

(Reno, NV) 1 mL gastight syringe and the syringe was placed in 

an Avanti Polar Lipids Mini-Extruder (610 0 0 0). The lipid solution 
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was then passed through a 5.00 μm pore size Whatman Nucle- 

pore hydrophilic polycarbonate filter (VWR 28158-067) 35 times, 

the newly formed large unilamellar vesicle (LUV) suspension being 

collected in the syringe that did not contain the original suspen- 

sion of MLVs to prevent the carryover of MLVs into the LUV solu- 

tion. To obtain a sufficient quantity of LUVs, at least four indepen- 

dent 1 mL preparations were pooled together for the dialysis and 

subsequent efflux experiments. The newly formed LUVs were di- 

alyzed using Thermo Scientific Slide-A-Lyzer G2 dialysis cassettes 

(3 mL, 3500 MWCO, 87723). The LUV suspension was dialyzed 3 

times against 600 mL of 62.5 mM MgSO 4 , 40 mM HEPES buffer, 

pH 7.3. The first two dialyses were two hours long, while the final 

dialysis was performed overnight. Determination of total phospho- 

rus was performed as described previously [9] . 

For H 13 CO 3 
− efflux experiments, the pooled LUV suspension 

was then diluted to 70 mM lipid with 62.5 mM MgSO 4 in 40 mM 

HEPES buffer pH 7.3 (D 2 O), and 0.025% (w/v) 13 C D-glucose (1–
13 C) (Sigma Aldrich 297046) was added as an internal standard. 

For each experiment, 5 μL of DMSO or sterile water vehicle, AmB 

in DMSO (70 μM final concentration, 100X stock solution), or Fun- 

gizone in sterile water (70 μM AmB final concentration, 100X stock 

solution) was added to 500 μL of the liposome suspension with 

mixing for 1 hour. The liposome suspension was then immedi- 

ately transferred to an oven dried New Era (Vineland, NJ) 5 mm 

NMR sample tube for analysis via NMR 13 C NMR spectra were 

acquired on a Bruker Avance III HD 500 MHz NMR spectrome- 

ter equipped with a 5 mm BBFO CryoProbe. The 13 C frequency 

was set to 125.83 MHz, and spectral width was 31,512 Hz. The in- 

strument was locked on D 2 O. Experimental conditions were: ac- 

quisition time, 0.93 s; 30 ° pulse width, 3.3 μs; relaxation delay, 

0.2 s; number of scans, 256; temperature 23 °C. To effect complete 

ion release, 40 μL of a 10% (v/v) solution of triton X-100 (Sigma 

Aldrich X100) was added to the liposome suspension before data 

acquisition. After lysis of the liposome suspension, the integration 

of the signal corresponding to extravesicular HCO 3 
− relative to the 

integration of the 13 C glucose standard was normalized to corre- 

spond to 100% efflux. For each experimental run with AmB addi- 

tion, the signal corresponding to extravesicular HCO 3 
− after 1 hour 

was integrated relative to the 13 C internal standard for each free 

induction decay (FID). 

For Cl − efflux experiments, the pooled LUV suspension was di- 

luted to 70 mM lipid with 62.5 mM MgSO 4 in 40 mM HEPES buffer 

pH 7.3. Cl − measurements were obtained using a Thermo Scien- 

tific Orion Star A211 Benchtop pH Meter (12–645–519) equipped 

with an Orion combination Cl − electrode (Thermo Fisher Scientific 

9617BNWP). Measurements were made on 4 mL suspensions that 

were magnetically stirred in 20 mL vials incubated at 23 °C. For 

each experiment, a baseline reading was established for at least 

one minute prior to addition of AmB, Fungizone, DMSO, or ster- 

ile water vehicle. After establishing a stable baseline reading, 40 

μL of DMSO vehicle, AmB (70 μM final concentration, 100X stock 

in DMSO), sterile water vehicle, or Fungizone (corresponding to 

70 μM AmB final concentration, 100X stock in sterile water) was 

added. The concentration of extravesicular Cl − in each sample was 

measured every 10 s for 10 min after addition. At the conclusion 

of each experiment, 100 μL of a 10% (v/v) solution of triton X-100 

(Sigma Aldrich X100) was added to the liposome suspension to ef- 

fect complete ion release. 

The efflux data from each run was normalized to the percent of 

total ion release from 0 to 100%. The scaling factor S was calculated 

for each experiment using the following relationship: 
[

[ Ion ] f inal 

[ Ion ] initial 
− 1 

]

· S = 100 

Each data point was then multiplied by S before plotting as a 

percentage of total H 13 CO 3 
− or Cl − efflux. 

2.4. H 14 CO 3 
− transport across CuFi-1 epithelial monolayers 

Fully differentiated CuFi-1 ( �F508/ �F508) epithelia (0.33 cm 2 ) 

were cultured as described above. All experiments were run less 

than 2 months post seeding. 14 C-labeled sodium bicarbonate was 

obtained as a sterile 35.7 mM aqueous solution pH 9.5 (MP 

Biomedicals 0117441H). Fresh Ultroser G media was added to the 

basolateral membrane immediately prior to experimentation. A 

suspension of vehicle, AmB, or Fungizone in perfluorocarbon-72 

(Fisher Scientific Acros 123792500) was prepared and vortexed vig- 

orously for 30 s immediately prior to addition to ensure homog- 

enization. The apical membrane was treated with 20 μL of ve- 

hicle, AmB, or Fungizone, and the cultured epithelia were incu- 

bated for 48 h at 37 °C in a 5% CO 2 atmosphere. At the end of 

the treatment period, 5 μL of a 1.4 mM H 14 CO 3 
−stock solution 

in Ultroser G media was added to the basolateral media. The cul- 

tured epithelia were then incubated at 37 °C in 5% CO 2 for 10 min. 

After 10 min, the apical membrane of the cultured epithelia was 

immediately washed with 200 μL of PBS. The ASL wash was di- 

luted in scintillation cocktail (Perkin Elmer 6013199) and analyzed 

via liquid scintillation counting. The measured basolateral-to-apical 

H 14 CO 3 
−secretion was then normalized to the vehicle-treated con- 

trols. 

2.5. Ussing chamber analysis of CuFi-1 epithelia 

Fully differentiated CuFi-1 ( �F508/ �F508) epithelia (0.33 cm 2 ) 

were cultured as described above. All experiments were run less 

than 2 months post seeding. Amiloride hydrochloride hydrate was 

obtained as a solid from Sigma Aldrich (A7410). Fungizone (Am- 

photericin B for Injection, USP, NDC 39822-10555, X-Gen Phar- 

maceuticals) was obtained as a lyophilized solid from McKesson 

(1670876). The indicated mass of Fungizone (250 μg/mL) refers to 

the total mass of Fungizone material, not the mass of amphotericin 

B alone. 

Differentiated cultures of CuFi-1 epithelia were mounted in 

modified Ussing chambers (Physiologic Instruments EM-CSYS-6). 

The epithelial cultures were bathed on the basolateral membrane 

with a Cl −-containing Ringer’s solution (mM): 135 NaCl, 5 HEPES, 

2.4 K 2 HPO 4 , 0.6 KH 2 PO 4 , 1.2 CaCl 2 , 1.2 MgCl 2 , 5 glucose (pH 7.4) 

at 37 °C, gassed for at least 10 min with compressed air. The ep- 

ithelial cultures were bathed on the apical membrane with a low 

Cl − solution containing (mM): 135 sodium gluconate, 5 HEPES, 

2.4 K 2 HPO 4 , 0.6 KH 2 PO 4 , 1.2 CaCl 2 , 1.2 MgCl 2 , 5 glucose (pH 

7.4) at 37 °C, gassed for at least 10 min with compressed air. 

The pH of both solutions was adjusted to pH 7.4 using saturated 

tromethamine in double distilled water (ddH 2 O). For experiments 

with zero Na + in the apical solution, the epithelial cultures were 

bathed on the apical membrane with a low Cl − solution containing 

(mM): 135 N-methyl-D-glucamine (NMDG), 135 mM gluconic acid, 

5 HEPES, 2.4 K 2 HPO 4 , 0.6 KH 2 PO 4 , 1.2 CaCl 2 , 1.2 MgCl 2 , 5 glucose 

(pH 7.4) at 37 °C, gassed for at least 10 min with compressed air. 

For experiments with zero basolateral Cl −, the epithelial cultures 

were bathed on the basolateral membrane with a zero Cl − solution 

containing (mM): 135 sodium gluconate, 5 HEPES, 2.4 K 2 HPO 4 , 0.6 

KH 2 PO 4 , 1.2 calcium gluconate, 1.2 magnesium gluconate, 5 glu- 

cose (pH 7.4) at 37 °C, gassed for at least 10 min with compressed 

air. 

Bath solutions were stirred by bubbling continuously with com- 

pressed air. All experiments were run in voltage clamp mode, in 

which transepithelial voltage (Vt) was clamped to 0 mV. Transep- 

ithelial current (It) and conductance (Gt) were measured with an 

epithelial voltage clamp (Physiologic Instruments VCC-MC8). Data 

was collected using the Acquire and Analyze program (Physiologic 

Instruments). Measurements of transepithelial current and conduc- 

tance were normalized per cm 2 of epithelial surface area. 
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For experiments with Fungizone or low Cl − vehicle, each ep- 

ithelial culture was bathed with 5 mL Cl - -containing Ringer’s so- 

lution on the basolateral membrane and 3.33 mL low Cl − solu- 

tion on the apical membrane. After establishing a baseline reading 

for 10 min, 3.33 μL amiloride in DMSO (100 μM final concentra- 

tion, 10 0 0X stock solution) was added to the apical solution. After 

~15 min of amiloride treatment, 1.67 mL of Fungizone dissolved in 

low Cl − solution (250 μg/mL or 2.05 μg/mL final concentration, 3X 

stock solution + 100 μM amiloride) or low Cl − vehicle (containing 

100 μM amiloride) was added to the apical solution slowly via sy- 

ringe to avoid introducing air bubbles, and transepithelial current 

and conductance were recorded for at least one hour after addi- 

tion. 

For experiments with basolateral addition of Fungizone or vehi- 

cle, each epithelial culture was bathed with 3.33 mL Cl −-containing 

Ringer’s solution on the basolateral membrane and 5 mL low Cl −

solution on the apical membrane. After establishing a baseline 

reading for 10 min, 5 μL amiloride in DMSO (100 μM final con- 

centration, 10 0 0X stock solution) was added to the apical solution. 

After ~15 min of amiloride treatment, 1.67 mL of Fungizone dis- 

solved in Cl −-containing solution (250 μg/mL final concentration, 

3X stock solution) or vehicle was added to the basolateral solution 

slowly via syringe to avoid introducing air bubbles, and transep- 

ithelial current and conductance were recorded for at least one 

hour after addition. 

For experiments with basolateral addition of Cl − or gluconate 

after AmB or vehicle addition, each epithelial culture was bathed 

with 3 mL zero Cl − solution on the basolateral membrane and 

3.33 mL low Cl − solution on the apical membrane. After estab- 

lishing a baseline reading for 10 min, 3.33 μL amiloride in DMSO 

(100 μM final concentration, 10 0 0X stock solution) was added to 

the apical solution. After ~15 min of amiloride treatment, 1.67 mL 

of Fungizone dissolved in low Cl − solution (250 μg/mL final con- 

centration, 3X stock solution + 100 μM amiloride) or low Cl − vehi- 

cle (containing 100 μM amiloride) was added to the apical solution 

slowly via syringe to avoid introducing air bubbles, and transep- 

ithelial current and conductance were recorded for approximately 

30 min. After 30 min, 3 mL of either Cl −-containing Ringer’s so- 

lution or zero Cl − solution was added to the basolateral solution 

slowly via syringe, and transepithelial current and conductance 

were recorded for at least 30 min after addition. 

2.6. Ussing chamber analysis of primary cultures of CF airway 

epithelia 

Fully differentiated primary cultures of CF bronchus and nasal 

epithelia (0.33 cm 2 ) were used for these experiments. Amiloride 

hydrochloride hydrate was obtained as a solid from Sigma Aldrich 

(A7410). Ivacaftor was obtained as a solid from Selleck Chemi- 

cals (S1144). Forskolin was obtained as a solid from Sigma Aldrich 

(F3917). Differentiated cultures of airway epithelia were mounted 

in modified Ussing chambers (Physiologic Instruments EM-CSYS- 

8). The epithelia were bathed on the basolateral membrane with 

a Cl −-containing Ringer’s solution containing (mM) 135 NaCl, 5 

HEPES, 2.4 K 2 HPO 4 , 0.6 KH 2 PO 4 , 1.2 CaCl 2 , 1.2 MgCl 2 , 5 glucose 

(pH 7.4) at 37 °C, gassed for at least 10 min with compressed 

air. The epithelial cultures were bathed on the apical membrane 

with a low Cl − solution containing (mM) 135 sodium gluconate, 

5 HEPES, 2.4 K 2 HPO 4 , 0.6 KH 2 PO 4 , 1.2 CaCl 2 , 1.2 MgCl 2 , 5 glu- 

cose (pH 7.4) at 37 °C, gassed for at least 10 min with com- 

pressed air. The pH of both solutions was adjusted to pH 7.4 

using saturated tromethamine in double distilled water (ddH 2 O). 

Bath solutions were stirred by bubbling continuously with com- 

pressed air. All experiments were run in voltage clamp mode, 

in which transepithelial voltage (Vt) was clamped to 0 mV. 

Transepithelial current (It) and conductance (Gt) were measured 

with an epithelial voltage clamp (Physiologic Instruments VCC- 

MC8). Data was collected using the Acquire and Analyze program 

(Physiologic Instruments). Measurements of transepithelial current 

and conductance were normalized per cm 2 of epithelial surface 

area. 

For experiments involving apical addition of ivacaftor, each pri- 

mary culture of CF ( �F508/G551D) airway epithelia was bathed 

with 5 mL Cl −-containing Ringer’s solution on the basolateral 

membrane and 5 mL low Cl − solution on the apical membrane. 

After establishing a baseline reading for 10 min, 5 μL amiloride 

in DMSO (100 μM final concentration, 10 0 0X stock solution) was 

added to the apical solution. After at least 15 min of amiloride 

treatment, 10 μL of DMSO vehicle or 5 μL of ivacaftor in DMSO 

(10 μM final concentration, 10 0 0X stock solution) and 5 μL of 

forskolin in DMSO (10 μM final concentration, 10 0 0X stock solu- 

tion) was added to the apical solution, and transepithelial current 

and conductance were recorded for at least one hour after addi- 

tion. 

For experiments involving apical AmB addition, each epithe- 

lial culture was bathed with 5 mL Cl −-containing Ringer’s solu- 

tion on the basolateral membrane and 3.33 mL low Cl − solu- 

tion on the apical membrane. After establishing a baseline read- 

ing for 10 min, 3.33 μL amiloride in DMSO (100 μM final con- 

centration, 10 0 0X stock solution) was added to the apical solu- 

tion. After at least 15 min of amiloride treatment, 1.67 mL of Fun- 

gizone dissolved in low Cl − solution (250 μg/mL final concentra- 

tion, 3X stock + 100 μM amiloride) or low Cl − vehicle (contain- 

ing 100 μM amiloride) was added to the apical solution slowly via 

syringe to avoid introducing air bubbles, and transepithelial cur- 

rent and conductance were recorded for at least one hour after 

addition. 

2.7. NPD measurements in people with CF 

NPD experiments were performed according to the protocols 

approved by the University of Iowa Institutional Review Board (IRB 

ID# 199207428). Written informed consent was received from all 

participants prior to inclusion in the study. Eligible subjects had a 

confirmed diagnosis of cystic fibrosis. At screening, subjects had to 

be ≥18 years of age. 

NPD measurements were performed using standardized proto- 

cols from the Cystic Fibrosis Foundation Therapeutics, Inc. Ther- 

apeutic Development Network (CFFT-TDN). NPD measurements 

were recorded every 1 second using LabChart software. The pre- 

specified NPD endpoint was the change in transepithelial electrical 

potential after intranasal perfusion with vehicle or AmB treatment 

following an initial perfusion with zero Cl − solution for each per- 

son. 

For NPD measurements, bridges connected to electrodes were 

placed under the inferior turbinate of the nasal mucosa and in the 

subcutaneous space of the forearm while the nasal mucosa was 

bathed in a sequential series of perfusion solutions: 

1 Cl −-containing Ringer’s solution 

2 Cl −-containing Ringer’s solution containing 100 μM amiloride 

3 Zero Cl − solution containing 100 μM amiloride 

4 Zero Cl − solution containing 100 μM amiloride (vehicle) OR 

Zero Cl − solution containing 100 μM amiloride + 250 μg/mL 

Fungizone (122 μM AmB) 

NPD measurements were quantified as an average NPD mea- 

surement during the final 30 s of the initial intranasal perfusion 

with zero Cl − solution and as an average NPD measurement dur- 

ing the final 30 s of intranasal perfusion with vehicle or Fungizone. 
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2.8. ASL AmB concentration determination in cultures of CuFi-1 

epithelia 

Fully differentiated CuFi-1 ( �F508/ �F508) epithelia (0.33 cm 2 ) 

were cultured as described above. All experiments were run less 

than 2 months post seeding. AmBisome (Amphotericin B Liposome 

for Injection, USP, NDC 0469-3051-30, Astellas Pharmaceuticals US, 

Inc.) was obtained as a lyophilized solid from McKesson (529618). 

The indicated mass of AmBisome (1 mg/mL) refers to the total 

mass of AmBisome material, not the mass of amphotericin B alone. 

Fresh Ultroser G media was added to the basolateral membrane 

immediately prior to experimentation. A suspension of vehicle or 

1 mg/mL AmBisome in perfluorocarbon-72 (Fisher Scientific Acros 

123792500) was prepared and vortexed vigorously for 30 s im- 

mediately prior to addition to ensure homogenization. The apical 

membrane was treated with 20 μL of vehicle or AmBisome, and 

the cultured epithelia were incubated for 48 h at 37 °C in a 5% 

CO 2 atmosphere. In preparation for ASL collection, 0.1 μL capac- 

ity microcapillary tubes (Drummond Scientific NC1453214) were 

placed into 200 μL pipette tips (Denville Scientific P1122). 

At the end of the treatment period, microcapillary tubes were 

gently touched around the edge of the apical membrane of each 

epithelial culture insert until completely filled with ASL via capil- 

lary action. After collecting 0.1 μL ASL, a p200 pipette was used 

to push the entire sample into 39.9 μL molecular biology grade 

water (Corning 46-0 0 0-CM) in a 300 μL capacity HPLC insert (Ag- 

ilent 5182-0549). AmB concentrations were then quantitively an- 

alyzed using an Agilent 1260 series Infinity II analytical HPLCMS 

equipped with an Agilent 6530 LC/Q-TOF. A Zorbax Eclipse C 18 
reverse phase column (Agilent, 4.6 × 150 mm, 5 μm) was used. 

HPLC experimental conditions were: Injection volume: 25 μL; Flow 

rate = 1.2 mL/minute; Eluent: MeCN: 25 mM NH 4 OAc in H 2 O, 

1:19 → 19:1 over 8 min. UV detection at 406 nm was used. For 

MS analysis, AmB was analyzed using Dual Agilent Jet Stream Elec- 

trospray Ionization (Dual AJS ESI) in positive mode. Experimental 

MS conditions were: Gas temperature: 325 °C; Fragmentor voltage: 

175 V, Skimmer voltage: 65 V. To quantify the final AmB concen- 

tration in the ASL of CuFi-1 epithelia, the area under the curve for 

the peak corresponding to AmB was integrated and compared to a 

standard curve containing known AmB concentrations in molecular 

biology grade water. 

2.9. Statistics 

No data were excluded. All data indicate mean ± SEM. Statisti- 

cal analysis represents P values obtained from analysis of variance 

(ANOVA) with Tukey’s multiple comparisons test or unpaired Stu- 

dent’s t -test where indicated. ns, not significant. ∗P < 0.05, ∗∗P < 

0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0 0 01. On the basis of pilot experi- 

ments, we chose sample sizes that adequately power each exper- 

iment to detect a difference in outcomes between groups. Epithe- 

lial samples were manually assigned at random into control and 

treatment groups for each experiment. The investigators were not 

blinded to allocation during experiments and outcome assessment. 

3. Results 

3.1. Fungizone forms anion-permeable channels 

Fungizone is an FDA-approved, water-soluble formulation con- 

sisting of AmB, sodium deoxycholate, and Na 3 PO 4 . In our prior 

studies, we did not evaluate the ion channel forming capacity of 

Fungizone or determine whether this clinical formulation could 

cause anion secretion in CF airway epithelia similar to laboratory 

grade AmB [9] . 

Both laboratory grade AmB and Fungizone caused HCO 3 
− ( Fig. 

S1A ) and Cl − efflux ( Fig. S1B ) from 10% cholesterol/POPC lipo- 

somes. Further, Fungizone increased transepithelial H 14 CO 3 
− se- 

cretion ( Fig. S1C ) to levels similar to that of laboratory grade 

AmB in cultures of CuFi-1 ( �F508/ �F508) airway epithelia [24] . 

These results suggest that despite the presence of sodium deoxy- 

cholate and Na 3 PO 4 in the formulation and the modified aque- 

ous solubility, the Fungizone clinical formulation forms transmem- 

brane ion channels and increases anion secretion in CF airway 

epithelia. 

3.2. AmB causes electrophysiological changes in CF airway epithelia 

We next asked whether 250 μg/mL Fungizone (122 μM AmB), 

a concentration that has been safely delivered intranasally to peo- 

ple with fungal infections, can cause electrophysiological changes 

consistent with increased anion secretion in cultures of CF air- 

way epithelia. Cultures of CuFi-1 ( �F508/ �F508) airway epithe- 

lia were mounted in modified Ussing chambers, and the transep- 

ithelial voltage was clamped to 0 mV. The epithelial cultures were 

bathed with a Ringer’s solution (135 mM NaCl) on the basolat- 

eral membrane and a low Cl − solution (4.8 mM Cl −) on the api- 

cal membrane. This was intended to mimic an NPD experiment, 

where perfusion with a zero Cl − solution establishes a strong elec- 

trochemical gradient favoring anion secretion. After establishing a 

baseline reading for approximately 10 min, 100 μM amiloride was 

added to the apical solution for 10 min to inhibit the epithelial 

Na + channel (ENaC). Next, vehicle or Fungizone (250 μg/mL) was 

added to the apical solution, and transepithelial current and con- 

ductance were measured for at least 30 min. Changes in transep- 

ithelial current, conductance, and calculated transepithelial volt- 

age were quantified 10 min after each intervention. Fungizone 

caused statistically significant increases in transepithelial current 

( Fig. 1 A) and transepithelial conductance ( Fig. 1 B), and hyperpo- 

larized calculated transepithelial voltage ( Fig. 1 C) relative to vehi- 

cle treatment. Conversely, addition of Fungizone to the basolateral 

solution decreased transepithelial current, suggesting that the in- 

creased transepithelial current observed previously is specific to 

apically localized AmB channels. We speculate that the decreased 

transepithelial current observed with basolateral AmB addition is 

due to AmB-mediated permeabilization of the basolateral mem- 

brane to cations. 

3.3. AmB-mediated electrophysiological changes depend upon 

basolateral Cl −

Importantly, unlike CFTR, AmB channels are only modestly an- 

ion selective and have significant permeability to cations in addi- 

tion to anions [9] . Thus, we reasoned that the increased transep- 

ithelial current observed could be due to AmB-mediated Na + ab- 

sorption and/or AmB-mediated Cl − secretion at the apical mem- 

brane of CF airway epithelia. We therefore aimed to determine 

whether Cl − or Na + were responsible for the AmB-mediated 

transepithelial current. When Na + was removed from the apical 

solution and replaced with N-methyl-D-glucamine (NMDG), apical 

Fungizone increased transepithelial current, consistent with AmB- 

mediated Cl − secretion ( Fig. 1 D). The magnitude of this effect was 

reduced relative to experiments with Na + present ( Fig. 1A ), sug- 

gesting that AmB-mediated Na + absorption might also contribute 

to the transepithelial current when Na + is present in the api- 

cal solution. To determine whether the sustained current in the 

absence of Na + is due to AmB-mediated Cl − secretion, we re- 

peated the same experiment with a zero Cl − solution on the ba- 

solateral membrane ( Fig. 1 D). With zero basolateral Cl −, Fungizone 
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Fig. 1. Apical Fungizone addition increased transepithelial current and conductance and hyperpolarized calculated transepithelial voltage in cultures of CuFi-1 ( �F508/ �F508) 

airway epithelia. In an Ussing chamber assay, apical addition of 250 μg/mL Fungizone increased transepithelial current (A), increased transepithelial conductance (B), and 

hyperpolarized calculated transepithelial voltage (C), while basolateral (BL) Fungizone decreased transepithelial current ( n = 4). When Na + was replaced with NMDG in the 

apical solution, 250 μg/mL Fungizone increased transepithelial current (D), consistent with AmB-mediated Cl − secretion. The magnitude of the apical AmB-mediated increase 

in transepithelial current in the presence of basolateral Cl − was reduced with zero Na + in the apical solution ( ∗∗∗∗P < 0.0 0 01 by analysis of variance (ANOVA) with Tukey’s 

multiple comparison test). Removing Cl − from the basolateral solution abolished the sustained AmB-mediated current ( n = 4). (E) 30 min after Fungizone treatment in 

the presence of zero basolateral Cl − , basolateral addition of 67.5 mM Cl − increased transepithelial current, while basolateral gluconate addition did not ( n = 4). Bars and 

whiskers indicate mean ± SEM. ns, not significant; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0 0 01 by analysis of variance (ANOVA) with Tukey’s multiple comparison 

test. 

caused only a transient increase in transepithelial current which 

rapidly returned to baseline levels, suggesting that the sustained 

AmB-mediated current depends upon the presence of basolateral 

Cl −. 

To further determine whether the AmB-mediated increase in 

current is at least in part attributable to Cl − secretion, af- 

ter adding AmB with a zero Cl − basolateral solution (135 mM 

Na + gluconate), we added an equal volume of buffer contain- 

ing 135 mM NaCl to the basolateral solution. With this addition, 

the basolateral concentrations of Na + , K + , Mg 2 + , Ca 2 + , and ionic 

strength all remained the same, but the concentration of baso- 

lateral Cl − increased. The addition of basolateral Cl − increased 

transepithelial current, consistent with AmB-mediated Cl − secre- 

tion ( Fig. 1 E). As controls, addition of basolateral gluconate or 

addition of basolateral Cl − in the absence of apical AmB caused 

minimal changes in transepithelial current. Collectively, these re- 

sults suggest that the Fungizone-mediated increase in transepithe- 

lial current is at least partially due to basolateral-to-apical Cl −

secretion. 

3.4. AmB causes electrophysiological changes similar to those caused 

by ivacaftor in primary cultures of CF airway epithelia 

Primary cultures of CF airway epithelia represent a more phys- 

iologically relevant model system relative to epithelial cultures 

grown with a cell line. We thus next aimed to determine whether 

AmB could cause electrophysiological changes similar to those of 

ivacaftor in primary cultures of CF airway epithelia. We studied 

primary cultures of CF ( �F508/G551D) bronchus epithelia using a 

low Cl − (135 mM Na + gluconate, 4.8 mM Cl −) apical solution sim- 

ilar to what is used in an NPD experiment. Consistent with what 

was observed in previous studies, apical addition of 10 μM iva- 

caftor/10 μM forskolin increased transepithelial current and con- 

ductance ( Fig. 2 A) and hyperpolarized calculated transepithelial 

voltage ( Fig. 2 B). Similarly, apical addition of 250 μg/mL Fungizone 

increased transepithelial current and conductance ( Fig. 2 C) and hy- 

perpolarized calculated transepithelial voltage ( Fig. 2 D) in primary 

cultures of CF airway epithelia from the same donor. These re- 

sults suggest that AmB causes electrophysiological effects similar 
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Fig. 2. Fungizone caused electrophysiological changes in primary cultures of CF ( �F508/G551D) airway epithelia similar to those caused by ivacaftor. Addition of 10 μM 

ivacaftor/10 μM forskolin increased transepithelial current and conductance (A) and hyperpolarized calculated transepithelial voltage (B) in primary cultures of CF 

( �F508/G551D) bronchus epithelia ( n = 2). Apical addition of 250 μg/mL Fungizone (122 μM AmB) similarly increased transepithelial current and conductance (C) and 

hyperpolarized calculated transepithelial voltage (D, n = 2). 

to those caused by ivacaftor in primary cultures of CF airway ep- 

ithelia. 

3.5. AmB causes electrophysiological changes in primary cultures of 

CF airway epithelia from people who cannot benefit from CFTR 

modulators 

We then asked whether Fungizone could cause similar electro- 

physiological effects in genetically diverse primary cultures of CF 

bronchus epithelia from people with at least one nonsense muta- 

tion, including epithelial cultures from a person with two nonsense 

mutations not addressable with CFTR modulators (W1282X/CFTR- 

del2,3). Fungizone statistically significantly increased transepithe- 

lial current ( Fig. 3 A) and conductance ( Fig. 3 B) and hyperpolar- 

ized calculated transepithelial voltage ( Fig. 3 C) in primary cul- 

tures of CF bronchus epithelia. To determine whether AmB can 

permeabilize and cause electrophysiological changes in nasal ep- 

ithelia from people who cannot benefit from CFTR modulators, we 

obtained primary cultures of human nasal epithelia from three 

donors homozygous for the severe W1282X-CFTR nonsense mu- 

tation through the Cystic Fibrosis Foundation (CFF) RARE initia- 

tive. 250 μg/mL Fungizone (122 μM AmB) increased transepithe- 

lial current ( Fig. 3 D) and conductance ( Fig. 3 E) and hyperpolar- 

ized calculated transepithelial voltage ( Fig. 3 F) in primary cultures 

of W1282X/W1282X human nasal epithelia from all three donors 

tested. Collectively, these results suggested that AmB may change 

NPD in people with CF caused by a range of CFTR mutations, in- 

cluding people who cannot benefit from CFTR modulators. 

3.6. AmB changes nasal potential difference in people with CF 

With these promising preclinical results, we proceeded to test 

the possibility that AmB could generate a conductance consistent 

with anion secretion in people with CF. We thus tested the abil- 

ity of AmB to change NPD in the presence of a Cl − concentra- 

tion gradient using a modified clinical protocol ( Fig. S2A ). None 

of our eight participants were taking CFTR modulators. The study 

included one person with two mutations not addressable with 

CFTR modulators (R553X/N1303K), one person with two proba- 

ble mutations not addressable with CFTR modulators (M470 vari- 

ant/unknown), five people with a single �F508 mutation and one 

nonsense mutation, and one person homozygous for the �F508 

mutation who was unable to tolerate CFTR modulator treatment. 

In each participant, we treated one nostril with vehicle and the 

other nostril with Fungizone (AmB). Specifically, in the vehicle nos- 

tril, after an initial 4 min perfusion with zero Cl − solution, we per- 

fused with zero Cl − solution for 4 min (“Vehicle”). In the other 

nostril (“Amphotericin B”), after the initial 4 min perfusion with 

zero Cl − solution, we perfused for 4 min with 250 μg/mL Fun- 

gizone in zero Cl − solution. We then quantified the NPD read- 

ing over the final 30 s of each perfusion. To analyze the change 

in NPD for each treatment, we subtracted the average NPD over 

the final 30 s of the perfusion with vehicle or AmB from the 

average NPD over the final 30 s of the initial zero Cl − solution 

perfusion. 

AmB caused NPD to become more negative in seven out of the 

eight people with CF ( Fig. 4 A, Fig. S2B-C ). The average change 

in NPD relative to vehicle was −2.9 ± 1.1 mV ( p = 0.044). This 

change is similar in direction and magnitude to the NPD change 

in response to administration of a zero Cl − solution contain- 

ing isoproterenol ( −3.7 mV) caused by 150 mg ivacaftor treat- 

ment for 14 days in people with a G551D-CFTR mutation [20] . 

The change in NPD caused by AmB was also similar to the ef- 

fect (approximately −4 mV) caused by the same dose of iva- 

caftor in a subsequent study which evaluated the change in NPD 

in response to administration of a zero Cl − solution containing 
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Fig. 3. Fungizone caused electrophysiological changes in genetically diverse primary cultures of CF bronchus and nasal epithelia. 250 μg/mL Fungizone (122 μM AmB) 

increased transepithelial current (A) and conductance (B) and hyperpolarized calculated transepithelial voltage (C) in genetically diverse primary cultures of CF bronchus 

epithelia with at least one nonsense mutation (W1282X/CFTR-del2,3; �F508/L1254X; �F508/dele2,3; �F508/R553X; �F508/2184-delA; �F508/G542X; �F508/2622–1G → A). 

Each data point in A-C indicates the average measurements from 1 to 3 epithelia for seven human donors (two epithelia were measured for most donors). Fungizone 

increased transepithelial current (D), increased transepithelial conductance (E), and hyperpolarized calculated transepithelial voltage (F) in primary cultures of CF nasal 

epithelia from 3 people with two W1282X-CFTR mutations. Each data point in D-F indicates the average measurements from two epithelia for each human donor. Bars and 

whiskers indicate mean ± SEM. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0 0 01 by unpaired Student’s t -test. 

Fig. 4. AmB changed nasal potential difference in people with CF. (A) AmB caused a statistically significant change in NPD in people with CF not on modulators ( n = 8). 

(B) Plot of basal voltage compared to change in voltage with either vehicle or AmB treatment ( n = 8). Bars and whiskers indicate mean ± SEM. ∗P = 0.044 by unpaired 

Student’s t -test. 
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isoproterenol in the most polarized single nostril at each visit 

[26] . 

Further, we plotted the basal voltage during the initial zero Cl −

perfusion relative to the change in voltage caused by either zero 

Cl − vehicle or AmB ( Fig. 4 B). The change in NPD caused by AmB 

was greater than vehicle independent of the basal voltage, increas- 

ing confidence that AmB is responsible for the observed changes. 

3.7. AmB forms channels in cultured CF airway epithelia at 

concentrations which have been safely achieved in the airways 

With the goal of further evaluating the therapeutic potential 

of this pharmacological approach, we next aimed to determine 

whether AmB could increase anion secretion and ASL pH in cul- 

tured CF airway epithelia at concentrations which have been safely 

delivered to the airways to treat and prevent intrapulmonary fun- 

gal infections. In a 2009 study, AmB was delivered to the airways 

via inhalation, and AmB concentrations in the upper and lower 

airways were quantified via bronchoalveolar lavage [27] . Notably, 

AmB concentrations of at least 3 μg/mL (3.25 μM) were retained in 

the proximal and distal airways at least 14 days after a single ad- 

ministration. Aerosolized AmB has also been shown to be an effec- 

tive antifungal therapy against Aspergillus infections (MIC = 1 μM 

for most strains), providing strong evidence that the effective con- 

centrations achieved and sustained in the airways are at least 

1 μM. 

2.05 μg/mL Fungizone (1 μM AmB) increased transepithelial 

current ( Fig. S3A ) and conductance ( Fig. S3B ) and hyperpolarized 

calculated transepithelial voltage ( Fig. S3C ) in cultures of CuFi-1 

epithelia. Further, using the microcapillary tube-based assay we 

previously developed to collect 0.1 μL ASL from epithelial cultures 

maintained at an air-liquid interface [9] , the ASL AmB concentra- 

tion which increased ASL pH in cultures of CuFi-1 epithelia was 

determined. 1 mg/mL AmBisome (37.7 μM AmB), which previously 

increased ASL pH in cultures of CuFi-1 epithelia and in CFTR −/ −

pigs in vivo [9] , was added to the apical membrane of cultures of 

CuFi-1 epithelia for 48 h as a suspension in perfluorocarbon-72 ve- 

hicle, and the ASL AmB concentration was quantified via HPLC/MS 

analysis and comparison with a standard curve of known AmB con- 

centrations ( Fig. S3D-F ). Based on this analysis, the lowest apical 

AmB concentration previously tested in CuFi-1 epithelia, which in- 

creased ASL pH by 0.25 pH units relative to vehicle, was calculated 

to be 0.71 μM AmB [9] . This effect was sustained with calculated 

ASL AmB concentrations up to 285 μM [9] . Collectively, these re- 

sults suggest that AmB can increase anion secretion and increase 

ASL pH in cultured CF airway epithelia at concentrations which 

have been safely achieved and sustained in the airways. 

4. Discussion 

Loss of CFTR-mediated anion secretion to the ASL impairs respi- 

ratory host defenses and leads to CF airway disease. We previously 

found that AmB, a clinically approved small molecule natural prod- 

uct, formed anion-permeable channels and increased host defenses 

in primary cultures of CF airway epithelia [9] . In this study, AmB 

caused electrophysiological changes in primary cultures of CF air- 

way epithelia consistent with Cl − secretion. Further, AmB changed 

NPD in people with CF not treated with CFTR modulators. Collec- 

tively, these results suggest that AmB generated apical membrane 

anion channels in people with CF. Moreover, AmB caused changes 

in the electrophysiological properties of CF airway epithelia in vivo 

that are similar to those caused by CFTR modulators. These results 

provide the first clinical evidence that small molecule channels can 

impact human physiology. 

This study has advantages. ( i ) We evaluated AmB-mediated 

electrophysiological effects in differentiated primary cultures of CF 

airway epithelia in vitro as well as nasal epithelia in people with 

CF in vivo . ( ii ) By quantifying NPD measurements as the final 30 s 

of perfusion for each intervention, our NPD measurement method- 

ology was not biased by the interpreter. 

Our study also has limitations. ( i ) Ussing chamber studies in 

which cultures of CF airway epithelia are bathed with an excess 

of apical solution and intranasal perfusion with a zero Cl − solution 

may not accurately represent native ASL conditions in the lower 

airways of people with CF. Though apical AmB addition caused 

electrophysiological effects that are also consistent with Na + ab- 

sorption in cultures of CF airway epithelia, we previously found 

that ASL concentrations of Na + , K + , Mg 2 + , and Ca 2 + were un- 

changed with AmB treatment for 48 h relative to vehicle-treated 

controls [9] . 

( ii ) In this study we did not characterize the effects of sustained 

apical AmB addition on epithelial membrane integrity or epithe- 

lial toxicity. Consistent with the observed increase in transepithe- 

lial conductance in our Ussing chamber assay, 122 μM AmB de- 

creased transepithelial resistance in cultures of CF airway epithe- 

lia. However, transepithelial resistance did not decrease below 500 

�∗cm 2 after 1 hour of AmB treatment, suggesting that AmB did 

not disrupt the integrity of the epithelial membrane. We did not 

expose the epithelia to this concentration of AmB for longer than 

1 hour, but we previously found that apical addition of 50 μM 

AmB to cultures of CuFi-1 epithelia for at least 28 days did not 

decrease transepithelial electrical resistance (TEER) or cause toxic- 

ity as assessed by a lactate dehydrogenase (LDH) assay relative to 

vehicle-treated controls [9] . Collectively, these results suggest that 

high concentrations of AmB at the apical membrane do not disrupt 

epithelial membrane integrity or cause epithelial toxicity with sus- 

tained treatment. 

( iii ) We did not evaluate the effects of agents which modify 

epithelial anion channels on the AmB-mediated electrophysiolog- 

ical effects. Continuous, non-regulated small molecule-mediated 

anion secretion in airway epithelia could potentially disrupt over- 

all ion homeostasis and/or cause other deleterious effects. How- 

ever, we previously found that, similar to the function of CFTR, 

inhibition of the basolateral Na + /K + ATPase with ouabain abol- 

ished AmB-mediated HCO 3 
− secretion, and inhibition of the baso- 

lateral Na + -K + −2Cl − cotransporter (NKCC) with bumetanide abol- 

ished the AmB-mediated increase in ASL height in CF airway ep- 

ithelia [9] . These results suggest that like CFTR, the function of 

AmB channels can be modulated by physiological conditions and 

regulated by the activity of the endogenous protein network which 

drives epithelial anion secretion. 

( iv ) Finally, though these results suggest that AmB can impact 

physiology, we have not yet determined whether this pharmaco- 

logical approach can improve lung function in people with CF. A 

key requirement for efficacy via this strategy will be safely deliver- 

ing a sufficient quantity of AmB directly to the airways of people 

with CF for sustained periods. In 31 studies, nebulized AmB has 

been extensively used to treat and prevent pulmonary fungal in- 

fections in more than 1,600 people, including use in people with 

neutropenia, allergic bronchopulmonary aspergillosis (ABPA), As- 

pergillus empyema, Aspergillus -related ulcerative tracheobronchitis, 

candidal anastomotic infection, bronchopulmonary candidiasis, en- 

dobronchial histoplasmosis, pulmonary zygomycosis, and as a pro- 

phylaxis following lung transplantation [ 10 , 11 ]. In some studies, in- 

haled AmB doses up to 100 mg/day were well tolerated for at least 

four days [11] , and nebulized AmB as a prophylaxis following lung 

transplantation was safely continued for life in 412 people for up 

to five years [28] . 

The broad use of inhaled AmB as an effective antifungal ther- 

apy against Aspergillus infections as well as a study which deter- 

mined that AmB concentrations of at least 3.25 μM were retained 

in the airways at least 14 days following a single administration 
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suggest that AmB concentrations of at least 1 μM have been safely 

achieved and sustained in the airways following inhalation [27] . In 

this study, we found that 1 μM AmB caused electrophysiological 

effects consistent with anion secretion in cultures of CuFi-1 epithe- 

lia, and we calculated that ASL AmB concentrations less than 1 μM 

similarly increased ASL pH in cultures of CuFi-1 epithelia main- 

tained at an air-liquid interface. Further, we previously found that 

AmB increased transepithelial HCO 3 
− secretion for at least seven 

days after a single apical addition in cultures of CuFi-1 epithelia 

[9] . These results further suggest the prospect of this pharmaco- 

logical approach to benefit people with CF. 

In addition to the extensive use of inhaled AmB to treat and 

prevent intrapulmonary fungal infections and as a prophylaxis fol- 

lowing lung transplantation, preliminary case reports suggest that 

AmB has been safely delivered to the airways to address ABPA 

in 17 people with CF who had not received a lung transplant 

[29–33] . 

Several important steps are needed to enable future clinical 

studies of efficacy in people with CF. These include detailed tox- 

icology, pharmacokinetic, and pharmacodynamic studies with in- 

haled AmB in animals, such as CF pigs [ 34 , 35 ]. These studies will 

enable determination of the safety and tolerability of inhaled AmB 

when administered chronically, and quantification of airway AmB 

concentrations following inhalation will be useful towards deter- 

mining the appropriate dose range and optimal dosing frequency 

for translation to people with CF. 

Alternative CFTR-independent pharmacological strategies which 

could in theory similarly benefit people with CF who cannot re- 

ceive treatment with CFTR modulators include the use of ENaC 

inhibitors to increase epithelial fluid secretion and improve mu- 

cociliary clearance (MCC) [36] . However, this strategy has yet to 

achieve significant clinical benefit for people with CF. ENaC in- 

hibitors such as amiloride and benzamil have suffered from lim- 

itations such as rapid clearance and thus short half-lives in the air- 

ways, while inhalation of GS-9411 caused hyperkalemia in a Phase 

I study which halted further clinical development [36] . In addi- 

tion to small molecules which directly inhibit ENaC, camostat, an 

ENaC-activating protease inhibitor which increased MCC in guinea 

pigs and sheep, caused adverse effects and tolerability issues in a 

Phase II clinical trial [36] . This approach may also be limited due 

to the inability to restore Cl − and HCO 3 
− secretion, which play 

essential roles in mucus expansion and ASL antibacterial activity 

[ 34 , 37 ]. 

Small molecule potentiators of non-CFTR epithelial anion chan- 

nels such as TMEM16A have the theoretical potential to similarly 

increase epithelial anion secretion independent of CFTR function 

[38] . Inhaled denufosol, a P2Y2 agonist which increases intracellu- 

lar [Ca 2+ ] and thereby activates TMEM16A, failed to improve lung 

function in people with CF as assessed by FEV 1 in a Phase III clin- 

ical trial. The more recently developed small molecule TMEM16A 

potentiator ETX001 increased ASL height in primary cultures of 

CF airway epithelia and increased MCC in sheep treated with 

CFTR inh-172 [38] . However, it has not been determined whether 

this approach can benefit people with CF. Notably, the physio- 

logical role of TMEM16A in CF pathophysiology remains unclear. 

In addition to increasing Cl − secretion, activation of TMEM16A 

may increase inflammatory mediators and lead to excessive mu- 

cus secretion, thus impairing pulmonary function. These effects 

may limit the potential of this approach to benefit people with CF 

[ 39 , 40 ]. 

Unlike these approaches, small molecule channels have the po- 

tential to increase Cl − and HCO 3 
− secretion in people with CF in- 

dependent of CFTR and thereby restore ASL physiology without 

disrupting overall ion homeostasis or causing non-specific delete- 

rious effects. Further, AmB is an already FDA-approved drug. Given 

the encouraging safety profile of AmB when sustained in the air- 

ways at or above concentrations which form channels in CF air- 

way epithelia, the findings presented in this work support ad- 

ditional studies to test whether inhaled AmB can improve pul- 

monary function and benefit people with CF caused by nonsense 

mutations. 

Importantly, aerosolized delivery of small molecule channels di- 

rectly to the airways will not address CF disease in other organs, 

such as distal intestinal obstruction syndrome (DIOS) in the gas- 

trointestinal (GI) tract. This work encourages additional studies to 

determine whether AmB can increase anion secretion in cultures 

of CF intestinal epithelia and benefit people with DIOS. 
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